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ABSTRACT 
PART I
The r a t e  c o n s t a n t  f o r  decom pos i t ion  o f  a wide v a r i e t y  of  
f r e e  r a d i c a l  i n i t i a t o r s  has  been de te rm ined  i n  a s e r i e s  of  s o l v e n t s  
o f  v a ry in g  v i s c o s i t y .  The v i s c o s i t y  dependence o f  t h e  observed  
r a t e  c o n s t a n t  i s  p roposed  as a t e s t  t o  a l lo w  i n i t i a t o r s  t o  be d i ­
v ided  i n t o  two c l a s s e s .  One-bond i n i t i a t o r s ,  _i.,e. , t h o s e  which 
decompose by th e  i n i t i a l  homolys is  o f  on ly  one bond,  have r a t e  
c o n s t a n t s  t h a t  d e c r e a s e  as t h e  s o l v e n t  v i s c o s i t y  i n c r e a s e s .  M u l t i ­
bond i n i t i a t o r s ,  _i.e,. , t h o s e  t h a t  decompose by th e  s im u l tan eo u s  
s c i s s i o n  o f  more than  one bond, have r a t e  c o n s t a n t s  t h a t  a r e  in d e ­
pendent  o f  t h e  s o l v e n t  v i s c o s i t y .  This  t e s t  has  been a p p l i e d  to  
a z o - i n i t i a t o r s , p e r e s t e r s ,  and p e r o x i d e s .  The r e s u l t s  a r e  shown 
t o  be c o n s i s t e n t  w i th  r e s u l t s  i n  t h e  l i t e r a t u r e .
An e q u a t i o n  has  been  deve loped  r e l a t i n g  th e  observed  r a t e
c o n s t a n t  f o r  decom pos i t ion  t o  t h e  s o l v e n t  v i s c o s i t y .  This  e q u a t io n
i s  used t o  e s t i m a t e  k , , / k , , and th e  v a lu e s  a r e  compared w i th  l i t e r a -obsd 1 r
t u r e  v a lu e s  which were de te rm ined  by 0 -1 8  sc ram b l in g  s t u d i e s .
PART I I
The d e r i v a t i o n  o f  th e  S t o k e s - E i n s t e i n  e q u a t i o n ,  D = RT/6NT|r, 
has been examined in  o r d e r  t o  re -e m p h a s iz e  t h e  l i m i t a t i o n s  o f  t h i s  
im por tan t  e q u a t i o n .  The t h e o r i e s  o f  d i f f u s i o n  and v i s c o s i t y  t h a t  
were developed  by Eyr ing  have  been examined, and a new r e l a t i o n s h i p  
between d i f f u s i o n  and v i s c o s i t y  has  been d e r iv e d :
D -  AD (A v / - n ) 0'
ix
where and a r e  th e  p r e - e x p o n e n t i a l  te rms in  t h e  e x p re s s io n s  
f o r  th e  t e m p e ra tu re  dependence o f  d i f f u s i o n  and v i s c o s i t y ,  and oi i s  
an e x p e r im e n t a l l y  de te rm ined  p a ra m e te r .  In  th e  l i m i t i n g  case  o f  
t h e  d i f f u s i o n  of l a r g e  m o lecu les  th rough  a  co n t in u o u s  medium, t h i s  
e q u a t io n  reduces  t o  th e  S t o k e s - E i n s t e i n  e q u a t i o n .
This  e q u a t io n  has been used in  c o n ju n c t io n  w i th  c o l l i s i o n  
th e o r y  to  c a l c u l a t e  th e  r a t i o  o f  d i f f u s i o n  to  re com bina t ion  when 
two r a d i c a l s  a r e  produced s i d e  by s id e  in  s o l u t i o n ,  and t h e  f r a c t i o n  
o f  geminate  r a d i c a l s  t h a t  recombine in  t h e  decom pos i t ion  o f  a c e t y l  
p e r o x id e ,  d i -_ t -b u ty l  p e r o x id e ,  di-_t“ b u t y l  h y p o n i t r i t e ,  and d i - t -  
b u t y l  p e r o x y o x a l a t e .
PART I I I
The r e a c t i o n s  o f  phenyl and £ - n i t r o p h e n y 1 r a d i c a l s  w i th  
a l i p h a t i c  d i s u l f i d e s  have been s t u d i e d .  Two r e a c t i o n s  occur :  
hydrogen a b s t r a c t i o n  and d isp la ce m e n t  a t  s u l f u r .  The r a t e  c o n s t a n t s  
f o r  bo th  r e a c t i o n s  have been de te rm ined  r e l a t i v e  t o  th e  r a t e  con­
s t a n t  f o r  c h l o r i n e  a b s t r a c t i o n  from CC14.
Data  o f  t h i s  type  have p r e v i o u s l y  been used  to  conclude  
t h a t  r a d i c a l  d isp la ce m e n t  a t  s u l f u r  in v o lv e s  a t h r e e - a t o m s - i n - a -  
l i n e ,  Walden i n v e r s i o n  t r a n s i t i o n  s t a t e .  This  c o n c lu s io n  was reached  
because  o f  t h e  e x c e l l e n t  c o r r e l a t i o n  o b ta in e d  in  a l i n e a r  f r e e  energy 
r e l a t i o n  between t h e  r a t e s  o f  th e  r a d i c a l  d i sp lacem en t  on s u l f u r  and 
the  r a t e s  o f  n u c l e o p h i l i c  d i sp la ce m e n t  on e i t h e r  s u l f u r  o r  ca rbon .
Evidence i s  p r e s e n t e d  to  show t h a t  n e i t h e r  t h e  degree  of  
c o r r e l a t i o n  o f  a l i n e a r  f r e e  energy  r e l a t i o n  between two d i f f e r e n t
x
r e a c t i o n s ,  n o r  t h e  s lo p e  o f  such a p l o t ,  i n  t h e  absence  o f  o t h e r  d a t a ,  
can be used t o  p r e c i s e l y  d e f i n e  a r e a c t i o n  mechanism. Thus ,  th e  
mechanism of  r a d i c a l  d isp la ce m e n t  on s u l f u r  must be c o n s id e re d  un­
known, and , by i n f e r e n c e ,  t h e  mechanism proposed by Fava f o r  n uc leo -  
p h i l i c  d i sp la ce m e n ts  on s u l f u r  should  be c o n s id e r e d  s u s p e c t .  An 
exam ina t ion  o f  d a t a  in  th e  l i t e r a t u r e  l e ad s  us t o  su g g es t  t h a t  bo th  
i o n i c  and r a d i c a l  d i sp la ce m e n t  on s u l f u r  o ccu r  by an a d d i t i o n -  
e l i m i n a t i o n  mechanism.
PART IV
The decom pos i t ion  o f  p h e n y laz o t r ip h en y lm e th a n e  (PAT) in
CCl4 has  been s t u d i e d  in  an a t t e m p t  to  e l u c i d a t e  cage  p r o c e s s e s .
E a r l i e r  f i n d i n g s  in  t h e s e  and o t h e r  l a b o r a t o r i e s  i n d i c a t e d  t h a t
benzene was a cage p r o d u c t .  A s e r i e s  o f  p ro d u c t  s t u d i e s  a t  low
i n i t i a l  c o n c e n t r a t i o n s  o f  PAT have shown t h a t  benzene i s  no t  a cage
p ro d u c t .  Scavenging expe r im en t s  and p ro d u c t  y i e l d s  i n d i c a t e  t h a t
t e t r a p h e n y lm e th a n e  and \=CPh2 may be cage  p r o d u c t s ,  bu t  th e
Ph ' = /
ev idence  i s  n o t  c o n c l u s i v e .  Other e v id en c e  i s  p r e s e n t e d  which 
s u g g es t s  t h a t  t h e r e  a r e  no cage  p ro d u c t s  formed in  t h e  decomposi­
t i o n  of  PAT.
The v a r i a t i o n  i n  th e  t r i t y l  r a d i c a l  c o n c e n t r a t i o n  d u r in g  
t h e  cou rse  o f  th e  decom pos i t ion  o f  PAT has  been s t u d i e d  by e s r  ex ­
p e r im e n ts  .
x i
PART I
THE VISCOSITY DEPENDENCE OF BOND HOMOLYSIS:
A QUALITATIVE AND SEMI-QUANTITATIVE TEST FOR CAGE RETURN.
INTRODUCTION
The concept  o f  a "cage r e a c t i o n "  was o r i g i n a t e d  by Frank 
and Rabinowitch i n  193 +^*1 These a u th o r s  p o in t e d  ou t  t h a t  c o l l i s i o n s  
between m o lecu les  i n  t h e  l i q u i d  phase  occur  in  s e t s  and t h a t  each 
s e t  may c o n t a i n  102- 103 c o l l i s i o n s .  Thus, when two r e a c t i v e  f r a g ­
ments a r e  formed by th e  decom pos i t ion  o f  a  m o lecu le  i n  s o l u t i o n ,  
they  w i l l  undergo 102- 103 c o l l i s i o n s  b e f o r e  they  d i f f u s e  a p a r t .
Any r e a c t i o n  which occu rs  d u r in g  t h i s  i n i t i a l  e n co u n te r  i s  c a l l e d  
a "cage r e a c t i o n " .
C o n s id e r ,  f o r  example,  t h e  homolys is  of a  p e r e s t e r *  which 
decomposes by s c i s s i o n  o f  one bond t o  produce  a n  acyloxy and an 
a lkoxy  r a d i c a l .
Scheme 1-1
RC0 2- 0R homolys is  > j-RC0^ . 0R] -4 i l .f u s i o n - > RC0^ . 0R
^  rec o m b in a t io n  
RC0 2- 0R
In  t h i s  s imple  schemef t h e  geminate  p a i r  can  e i t h e r  d i f f u s e  a p a r t  o r  
recombine t o  r e g e n e r a t e  t h e  p e r e s t e r . $ The c o m p e t i t i o n  between d i f ­
f u s i o n  and r e co m b in a t io n  i s  i n f l u e n c e d  by th e  s o l v e n t  v i s c o s i t y .  An 
i s o t h e r m a l  i n c r e a s e  in  t h e  v i s c o s i t y  causes  t h e  r a t e  c o n s t a n t  f o r
*We a re  aware o f  a body o f  competent o p in io n  d e p l o r i n g  th e  te rm 
p e r e s t e r  and p r e f e r r i n g  t h e  te rm p e r o x y e s t e r .  B e l i e v in g  t h a t  nomen­
c l a t u r e ,  l i k e  t h e  S abba th ,  was made f o r  man and no t  v i c e  v e r s a ,  we 
w i l l  use  t h e  te rm p e r e s t e r  w i th o u t  a p o lo g y . 2
fSquare  b r a c k e t s  w i l l  be  used  t o  i n d i c a t e  a p a r t i c u l a r  p a i r  of 
r a d i c a l s  w i t h i n  a s o l v e n t  "cag e" .
tT h i s  p ro c e s s  has  been c a l l e d  cage r e c o m b in a t io n ,  geminate  recombina­
t i o n ,  p r im ary  r e c o m b in a t io n ,  o r  cage  r e t u r n .
1
2d i f f u s i o n  to  d e c r e a s e ,  t h e  l i f e t i m e  of  t h e  geminate  p a i r  t o  i n c r e a s e ,  
and th e re b y  i n c r e a s e s  t h e  im por tance  o f  reco m b in a t io n  r e l a t i v e  to  
d i f f u s i o n .  S ince  cage reco m b in a t io n  re form s  t h e  p e r e s t e r ,  t h e  n e t  
r e s u l t  o f  t h e  v i s c o s i t y  i n c r e a s e  w i l l  be a d e c r e a s e  in  t h e  r a t e  of  
decom pos i t ion  o f  th e  p e r e s t e r .
Now c o n s i d e r  t h e  case  o f  a p e r e s t e r  t h a t  decomposes by 
th e  synchronous s c i s s i o n  o f  two bonds t o  produce an a l k y l  r a d i c a l , 
an a lkoxy r a d i c a l ,  and a C0 2 m o lecu le .
Scheme 1~2
r c o s- o r  homoIy s i s  > [ r * C02 *OR] d i f f u ,? ion  > R. - o r
^  reco m b in a t io n  
R-OR
I n  t h i s  c a s e ,  re co m b in a t io n  o f  t h e  geminate  r a d i c a l s  cannot  re fo rm  
t h e  p e r e s t e r ,  and t h e r e f o r e ,  t h e  observed  r a t e  o f  decom pos i t ion  o f  
t h i s  p e r e s t e r  i s  p r e d i c t e d  to  be independent  o f  th e  r a t e  a t  which 
t h e  geminate  p a i r  d i f f u s e  a p a r t .  One purpose  o f  t h i s  s tudy  w i l l  be 
t o  dem o n s t ra t e  t h a t  t h e  v i s c o s i t y  dependence o f  th e  observed  r a t e  
c o n s t a n t  f o r  bond hom olys is  can be used to  de te rm in e  w he ther  a 
m olecu le  decomposes by t h e  i n i t i a l  s c i s s i o n  o f  on ly  one bond o r  
by th e  s im u l taneous  s c i s s i o n  of  more than  one bond.
EXPERIMENTAL
MATERIALS:
n-H ydroca rbons . n-Alkanes  from P h i l l i p s  P e t ro leum  C o . , 
pu re  g ra d e ,  were s t i r r e d  f o r  s e v e r a l  hou rs  w i th  c o n c e n t r a t e d  s u l ­
f u r i c  a c i d ,  washed w i th  10$ sodium b i c a r b o n a t e ,  and w i th  d i s t i l l e d  
watetfv-Qhd d i s t i l l e d  th rough  ■ ai 2 ^-jlnch Vigreaux. column.
P e r e s t e r s . A l l  p e r e s t e r s  were p re p a red  and p u r i f i e d  by 
th e  method o f  B a r t l e t t  and Ruchard t3 excep t  t - b u t y l  p e r a c e t a t e ,  
which was purchased  from Luc ido l  and p u r i f i e d  by d i s t i l l a t i o n .
p - N i t r o p h e n y la z o t r ip h e n y lm e th a n e  (NAT). The hydrazo  
p r e c u s o r  t o  NAT was p re p a red  by th e  method o f  Cohen and Wang4 and 
r e c r y s t a l l i z e d  from benzene ,  mp 186- 188° C. Th is  m a t e r i a l  can be 
o x id i z e d  by r e f l u x i n g  f o r  one hour  i n  e t h e r  w i th  a tw o - f o ld  excess  
o f  i s o p e n t y l  n i t r i t e . ' T h e1crudd  NAT i s  b e s t  r e c r y s t a l l i z e d  from a 
m ix tu r e  o f  p e t ro le u m  e t h e r  (30- i |0o ) and m e thy lene  c h l o r i d e ,  2 : 1 ,  
by d i s s o l v i n g  t h e  NAT in  a minimum o f  a t  room t e m p e r a t u r e ,
add ing  the  pe t ro leum  e t h e r ,  and a l lo w in g  t h e  s o l u t i o n  t o  s tan d  in 
t h e  r e f r i g e r a t o r  o v e r n i g h t .
P h e n y la zo t r ip h e n y lm e th an e  (PAT). This  m a t e r i a l  was 
pu rchased  from Eastman Chemical Co. and r e c r y s t a l l i z e d  from benzene-  
pe t ro leum  e t h e r .
EQUIPMENT:
The c o n s t a n t  t e m p e ra tu re  b a th s  were made by i n s u l a t i n g  10 
g a l .  g l a s s  c o n t a i n e r s  (S a r g en t  No. 384805) w i th  a tw o - in ch  l a y e r  
o f  a s b e s t o s .  Each b a th  c o n ta i n e d  about 8 g a l .  o f  s i l i c o n e  o i l
3
(Dow 20 0 , v i s c o s i t y  100 cs  a t  25° ) .  The t e m p e ra tu re  was c o n t r o l l e d  
to  w i t h i n  *  0 .05° C. by Sa rg en t  T h e rm o n i to r s . Var ious  s t i r r e r s  
have been u s e d ,  bu t  we p r e f e r  t h e  T-Line  S t i r r e r  Model 107 manu­
f a c t u r e d  by Talboys In s t ru m e n t  Co . ,  Emerson, N. J .  I t  i s  inexpen­
s i v e ,  q u i e t ,  and very  r e l i a b l e .
A c o n s t a n t  t e m p e ra tu re  c e l l  compartment was made f o r  t h e  
Beckman DK-1  by embedding fo u r  r e s i s t a n c e - t y p e  h e a t e r s  in  an a lum i­
num b lo c k .  Holes f o r  t h e  s t a n d a r d  10 mm c u r v e t s  and t h e  l i g h t  p a th  
were a l s o  c u t  i n t o  t h e  b lo c k .  Two o f  th e  h e a t e r s ,  100 w a t t s  each ,  
were connec ted  t o  th e  v a r i a b l e  P o w ers ta t  o u tp u t  o f  a Sargen t  Ther- 
m o n i to r .  The o t h e r  two h e a t e r s ,  25O w a t t s  t o t a l ,  were connec ted  
to  th e  c o n t r o l  c i r c u i t  o f  a S a rg e n t  Therm oni to r .  Tempera ture  i n ­
s id e  a l i q u i d - f i l l e d  c e l l  w i t h i n  t h e  aluminum b lock  d id  n o t  va ry  
more than  ^ " 0 . 3 ° .  A r e c o r d i n g  thermocouple  was used to  o b t a i n  a 
p l o t  o f  t h e  t ime dependence o f  t h e  t e m p e r a t u r e .  The p l o t  was a 
r e g u l a r  s ine-wave  w i th  a p e r io d  o f  about 3 min.
PROCEDURE OF KINETIC RUNS:
In o r d e r  t o  s tudy  a number o f  i n i t i a t o r s  a t  t h e  same 
t e m p e r a t u r e ,  we found i t  n e c e s s a r y  t o  o b t a i n  r a t e  c o n s t a n t s  by 
t h r e e  methods:  We have fo l low ed  t h e  d i s a p p e a ra n c e  o f  th e  i n i ­
t i a t o r  d i r e c t l y ,  t h e  f i r s t  o r d e r  d i s a p p e a r a n c e  o f  scav en g e r ,  
and th e  zero  o r d e r  d i s a p p e a ra n c e  o f  s cav en g e r .  In a l l  c a s e s ,  th e  
raw d a t a  were t r e a t e d  by a computer program to  o b t a i n  a l i n e a r  
l e a s t  sq u a res  f i t  o f  t h e  d a t a  t o  th e  a p p l i c a b l e  r a t e  law.
Method 1 : D isappea rance  o f  i n i t i a t o r .
(a )  U l t r a v i o l e t .  The r a t e  c o n s t a n t s  f o r  decom pos i t ion  o f  the  
NAT, PAT, and azocumene were o b ta in e d  by fo l l o w i n g  th e  d i s a p p e a ra n c e  
o f  t h e  azo a b s o r p t i o n  band. A s o l u t i o n  o f  t h e  azo compound was 
p la ce d  in  a s t a n d a rd  c u v e t t e ,  s e a l e d  w i th  a ru b b e r  septum and 
p la ce d  in  t h e  th e  t h e r m o s ta t e d  c e l l  compartment o f  a Beckman DK-1 
u l t r a v i o l e t  s p e c t r o p h o to m e te r .  The d e c r e a s e  in  a b s o r p t i o n  was 
m on i to red  c o n t i n u o u s l y .  The samples were no t  d e g a s s e d .  P r e l i m i n a r y  
exper im en ts  have shown t h a t  i d e n t i c a l  r a t e  c o n s t a n t s  a re  o b ta in e d  
r e g a r d l e s s  o f  w he ther  o r  n o t  th e  samples have been d eg as sed .
(b)  I n f r a r e d .  A s o l u t i o n  o f  th e  i n i t i a t o r ,  ap p ro x im a te ly  0 . 0 J 
m o la r ,  was d i s t r i b u t e d  i n t o  a s e r i e s  o f  one ml ampoules which were 
s e a l e d  a t  a tm o sp h er ic  p r e s s u r e  w i th o u t  d e g a s s in g .  The e n t i r e  l o t  
was p la ce d  in  a c o n s t a n t  t e m p e ra t u re  b a t h .  Samples were removed
a t  p r e s e l e c t e d  t i m e s ,  quenched a t  -77°  C. and p l a c e d  in  co ld  s t o ­
r a g e .  A f t e r  a l l  t h e  samples  had been removed, i n c l u d i n g  two t ime-  
i n f i n i t y  samples a t  t e n  h a l f - l i f e s ,  t h e  o p t i c a l  d e n s i t y  was d e t e r ­
mined on a Beckman IR-9  u s in g  a c e l l  t h i c k n e s s  o f  0 . 5  mm.
The t r a n s m i t t a n c e  v s .  t ime d a t a  f o r  bo th  method l a  and 
lb  were f i t t e d  t o  t h e  e q u a t io n
ln(A. - A )  = k , , t -  ln(A - A ) ( l - !)*t  <*> obsd o 00' v '
where A i s  th e  a b so rb an ce  a t  t ime t  and A i s  t h e  e x p e r im e n t a l l y  t  — 00
d e te rm ined  v a lu e  of t h e  absorbance  a f t e r  th e  i n i t i a t o r  has decom­
posed f o r  t e n  h a l f - l i f e s .
6Method 2 : L im i t in g  i n i t i a t o r  ( f i r s t  o r d e r  d i s a p p e a r a n c e  o f
_____________s c a v e n g e r ) .__________________________________________
A s o l u t i o n  c o n t a i n i n g  ap p ro x im a te ly  1 x 10“3 mole o f  
g a lv in o x y l*  and 4 x 10” 4 mole o f  i n i t i a t o r  was p re p a red  as  f o l ­
lows . 5
Approximate ly  4 .0  mg o f  i n i t i a t o r  was d i s s o l v e d  in  a 
s e l e c t e d  s o l v e n t  and d i l u t e d  to  10 .0  ml. A 2 .0  ml a l i q u o t  o f  t h i s  
s o l u t i o n  was added to  abou t  4 .0  mg o f  g a l v i n o x y l ,  and th e  r e s u l t ­
ing  s o l u t i o n  was d i l u t e d  to  10,0  ml.  The 10 mg range  o f  a  Cahn 
E l e c t r o b a l a n c e  was used f o r  a l l  w e ig h in g s .  The r e s u l t i n g  s o l u ­
t i o n s  were degassed  by b u b b l in g  N2 th ro u g h  them a t  room tempera­
t u r e  and s e a l i n g  them w i th  a ru b b e r  septum in  a  g love  bag.  The 
s e a l e d  s o l u t i o n s  were a l low ed  to  decompose i n  t h e  th e rm o s ta t e d  
c e l l  compartment o f  a Beckman DK-1 . The d i s a p p e a r a n c e  o f  th e  
g a l v i n o x y l  was fo l lowed  a t  5^00 A.
The d a t a  were ana lyzed  as  i n  Method 1 .
Method 3 -' Excess  i n i t i a t o r  ( z e ro  o r d e r  d i s a p p e a r a n c e  o f  s c a v e n g e r ) .
A s o l u t i o n  c o n t a i n i n g  1 x 10" 3 mole o f  g a lv in o x y l  and 
19 x 10"3 mole o f  p e r e s t e r  was p re p a red  by we igh ing  th e  m a t e r i a l s  
on a Cahn E l e c t r o b a l a n c e  and d i l u t i n g  to  10 ml.  The s o l u t i o n  was 
p la ce d  in  c u r v e t t s  which were degassed  and s e a l e d  under  vacuum.
I f  t h e  scavenger  i s  t h e  on ly  s p e c i e s  ab so rb in g  a t  t h e  
wave l e n g t h  u s e d ,  then  eq 1-3 can be used  t o  o b t a i n  t h e  r a t e  c o n s t a n t .
* [2 , 6- D I - J t e r t - b u t y l - a - ( 3 , 5- d i “ t e r t ~ b u t y l - 4" o x o -2 , 5~ c y c lo h e x a d ie n - l -  
y l i d i n e ) - p - t o l y l o x y ] 2 .
7[S]  = -2 k dt [ l ] o + Sq ( 1 - 2 )
A = - 2 k , I  e t  + A ( 1 - 3 )d o s o
A i s  t h e  absorbance  a t  t ime j t ,  Aq i s  th e  absorbance  a t  t ime equa l
z e r o ,  i s  t h e  r a t e  c o n s t a n t  f o r  decom pos i t ion  o f  t h e  i n i t i a t o r ,
i s  th e  e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  s c a v e n g e r ,  I q i s  t h e
i n i t i a l  c o n c e n t r a t i o n  o f  i n i t i a t o r ,  and S i s  th e  i n i t i a l  concen-’ o
t r a t i o n  o f  scav en g er .
I f  t h e  scavenger  i s  no t  t h e  only  s p e c i e s  a b so rb in g  a t  t h e  
wave l e n g t h  u sed ,  th e n  eq 1-3 I s no lo n g e r  v a l i d .  In  t h i s  c a s e ,  
we can d e r i v e  an e q u a t io n  by c o n s i d e r i n g  t h e  t o t a l  absorbance  to  
be a sum o f  the  abso rbance  due t o  t h e  s ca v e n g e r ,  the  c e l l ,  and th e  
p r o d u c t s .
A = A + A + A ( 1- 1+)s c p '  '
A = es [ s ]  + ep [P]  + Ac ( 1 - 5 )
From t h e  s t o i c h i o m e t r y  o f  th e  r e a c t i o n  
S'  + R' -» P roduc ts  
i t  can be seen  t h a t
[S] 0 -  [S] +  [p] ( 1- 6 )
where [P]  i s  th e  c o n c e n t r a t i o n  o f  th e  p ro d u c t s  a t  t ime _t.
S o lv ing  eq 1-6 f o r  [P ] ,  and i n s e r t i n g  th e  r e s u l t  i n t o  
eq 1 -5 ,  g ives
A = eg [S] + e [S0 - S] + Ac ( 1- 7 )
Equa t ion  1-7  can be so lved  f o r  [S]  a f t e r  n o t i n g  t h a t  Sq = and 
e S = g P = A /
p  o  p  00 00
a  -  a  -  a  '
p ]t - * d-8)s p
This  e x p r e s s i o n  can  be s u b s t i t u t e d  i n t o  eq 1-3 t o  g ive  
A -  A -  A '
t 1  A  = 2k ,  ( I  /S ) t  + 1 .0  ( 1- 9 )A - A - A d v o o '  \ y /o c 00
Note t h a t  A '  i s  t h e  c a l c u l a t e d  i n f i n i t y  p o i n t ,  bu t  (A + A 7) i s
CO C  CO
th e  e x p e r im e n ta l  A .
A -  A
 r 5  = 2k , ( I  ,S ) t  + 1 .0  ( 1- 10)A - A d '  o /  o '  v 'o oo
A computer program was developed which would a cc e p t  v a lu e s  of  
t r a n s m i t t a n c e  vjs. t im e ,  p l o t  absorbance  v s .  t ime  and c a l c u l a t e  t h e  
b e s t  v a lu e  o f  Aq by a l e a s t - s q u a r e s  f i t  o f  t h e  d a t a  t o  eq 1 -3 •
The r e s u l t i n g  v a lu e  o f  Aq was used in  eq 1- 1 0 , and was c a l c u l a t e d  
by th e  method of  l e a s t - s q u a r e s .
RESULTS AND DISCUSSION 
CHOICE OF A SOLVENT SYSTEM:
The e f f e c t  o f  v i s c o s i t y  on t h e  observed  r a t e  o f  bond 
hom olys is  may be q u i t e  s u b t l e .  For t h i s  r e a son  i t  i s  n e c e s sa ry  t o  
choose a s o l v e n t  system i n  which t h e  v i s c o s i t y  can be v a r i e d  over  
as wide a  ran g e  as p o s s i b l e  w i th o u t  d r a s t i c a l l y  chang ing  any o t h e r  
p r o p e r t i e s  o f  t h e  s o l v e n t .  Some s t u d i e s  of v i s c o s i t y  e f f e c t s  have 
used a hodgepodge o f  s o l v e n t s  o f  v a r i o u s  s t r u c t u r a l  ty p es  and w ide ly  
d i f f e r e n t  s o l v a t i n g  power. As a  r e s u l t  o f  t h i s ,  th e  v i s c o s i t y  
e f f e c t  was b u r i e d  in  a l a r g e r  and u n p r e d i c t a b l e  s o l v e n t  e f f e c t . 7 
Table  1-1 shows r a t e  c o n s t a n t s  f o r  t h e  decom pos i t ion  o f  NAT in  a 
"mixed-bag" o f  s o l v e n t s .  No p r o p e r t y  o f  t h e s e  s o l v e n t s  has  been 
found t h a t  p a r a l l e l s  th e  change  i n  r a t e  c o n s t a n t .
One ty p e  o f  s o l v e n t  system i n  which s o l v a t i o n  f o r c e s  
might be r e a s o n a b ly  c o n s t a n t  o v e r  a wide v i s c o s i t y  range  i s  a 
homologous s e r i e s .  An a l t e r n a t i v e  t o  t h e  use  o f  a homologous 
s e r i e s  would be t o  v a ry  t h e  v i s c o s i t y  o f  th e  system by mixing 
two s o l v e n t s ,  one o f  ve ry  h ig h  v i s c o s i t y  and one o f  ve ry  low 
v i s c o s i t y .  However, t h e r e  a r e  two dangers  i n  t h e  use  o f  s o l ­
v e n t  m i x t u r e s .  F i r s t ,  i f  t h e  s o l v e n t s  d i f f e r  g r e a t l y  in  t h e i r  
a b i l i t y  t o  s o l v a t e  t h e  s u b s t r a t e ,  e i t h e r  i n  t h e  ground s t a t e  o r  in  
th e  a c t i v a t e d  complex,  th e n  any change in  r a t e  c o n s t a n t  caused  by 
changing  th e  p r o p e r t i e s  o f  t h e  two s o l v e n t s  cou ld  be a s o lv e n t  
e f f e c t .  Th is  d i f f e r e n c e  i n  s o l v a t i n g  a b i l i t y  i s  pe rhaps  th e  ex­
p l a n a t i o n  f o r  t h e  change i n  r a t e  c o n s t a n t  f o r  decom pos i t ion  o f  
AIBN in  t h e  s o l v e n t  system d i m e t h y l f o r m a m id e - g ly c e r o l . 8 The 
second danger  i s  t h a t  i f  t h e  h ig h  v i s c o s i t y  component i s  a very
9
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T ab le  1- 1 . Rate  C ons tan ts  f o r  t h e  Decomposit ion of  NAT i n  Various  
S o lv e n ts  a t  7 7 -5°  ~
So lv en t 103k , , . s e c ' 1 obsd ’
b u t y l ^ p h t h a l a t e , 0 .813
hexadecane 1.09
dodecane. 1 .16
b u t y l  a l c o h o l " 1 .16
methy l  ben zo a te 1.20
a c e t i c  a c id 1.21
acetophenone 1 . 2k
oc tan e 1.28
bromobenzene 1.31
cumene 1.38
ch lo robenzene 1.13
a n i s o l e 1.^3
to lu e n e 1.60
jd- xy lene 1.61
m-xylene 1.61
(a )  K i n e t i c s  by d i s a p p e a r a n c e  o f  i n i t i a t o r  (method l a ) .
l a r g e  m o le c u le ,  e i t h e r  a polymer o r  a long ch a in  h y d roca rbon ,  then  
t h e  bu lk  v i s c o s i t y  o f  th e  sys tem may i n c r e a s e  much f a s t e r  th a n  the  
m i c r o v i s c o s i t y .  Th is  may be a t t r i b u t e d  to  t h e  f a c t  t h a t  a s o l u t i o n  
c o n t a i n i n g  long c h a in  m o lecu le s  may o f f e r  h ig h  r e s i s t a n c e  to  the  
pa s sa g e  o f  m acroscop ic  b o d ie s  ( ,e.£.  , t h e  s t e e l  b a l l s  used in
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measurements o f  t h e  b u lk  v i s c o s i t y )  bu t  c o n s i d e r a b l y  l e s s  r e s i s ­
t a n c e  t o  t h e  p a s sa g e  o f  m ic ro s c o p ic  b o d ie s .
One commonly used sys tem i s  b e n z e n e - p o l y s t y r e n e . 9 ’10 In 
such a th i c k e n e d  s o l u t i o n ,  th e  m acroscopic  v i s c o s i t y  does n o t  t r u l y  
r e f l e c t  th e  r e s i s t a n c e  t o  t r a n s l a t i o n a l  motion  e x p e r i en c e d  by mono­
m er ic  r a d i c a l s .
We have s t u d i e d  t h i s  problem by t h i c k e n i n g  benzene w i th  
h igh  m o le c u la r  w e igh t  p o l y s t y r e n e  and w i th  b ip h e n y l .  This  system 
was chosen in  o rd e r  t o  min imize  t h e  change i n  s o l v e n t  e f f e c t s  i n  
th e  mixed media .  T ab le  1-2  shows t h e  r e s u l t s .  The change in  
from benzene t o  b e n ze n e -b ip h e n y l  i s  t h e  same as t h a t  produced by a 
s i m i l a r  change in  v i s c o s i t y  in  t h e  a l k a n e s .  S ince  t h e  b ip h e n y l  and 
benzene  m o lecu les  a r e  s i m i l a r  in  s i z e ,  then  t h i c k e n i n g  w i th  b i ­
phenyl  changes bo th  t h e  macro- and t h e  m i c r o - v i s c o s i t y  by t h e  same 
amount.
The change in  m a c r o - v i s c o s i t y  from benzene to  benzene- 
p o l y s t y r e n e  i s  g r e a t e r  th a n  from hexane t o  hexadecane ,  bu t  th e  r a t e  
o f  decom pos i t ion  o f  NAT i s  unchanged.  I t  i s  obvious  t h a t  as f a r  as 
t h e  geminate  r a d i c a l s  a r e  co n ce rn ed ,  th e  v i s c o s i t y  o f  th e  p o ly ­
s t y r e n e - t h i c k e n e d  s o l u t i o n  i s  t h e  same as pure  benzene.
In o r d e r  t o  avo id  t h e  d i f f i c u l t i e s  d i s c u s s e d  above, t h e  
s o l v e n t  systems chosen f o r  t h i s  work were t h e  s e r i e s  o f  n - a l k a n e s ,  
p en tan e  to  o c t a d e c a n e ,  and t h e  c o r r e sp o n d in g  ^ - o l e f i n s .  These s o l ­
v e n t s  a r e  a v a i l a b l e  a t  a r e a s o n a b le  p r i c e  and t h e i r  p r o p e r t i e s  have 
been t a b u l a t e d . 11 Some p r o p e r t i e s  o f  th e  n - a l k a n e s  t h a t  a r e  r e l e ­
van t  t o  t h i s  s tudy  a r e  l i s t e d  in  Tab les  1 - 5 , l -^>  and 1~5 *
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Table  1- 2 . A Comparison o f  t h e  E f f e c t  of  Homogeneous and Mixed S o l ­
v e n t s  on t h e  M icroscop ic  V i s c o s i t y  o f  a System.
So lv en t
R e l a t i v e  
V i s c o s i t y  60°
R e l a t i v e
k , , 60° obsd
benzene 1.0 - 1.0
benzene + b ip h e n y l 2 .1 0 .8 2
benzene + p o l y s t y r e n e 8 .7 1.02
hexane 1.0  - 1.0
nonane 2.0J+ 0 .8 3
hexadecane 7 .10 0 .6 8
(a )  a b s o l u t e  v i s c o s i t y  0 .3 9 2  cp.
(b) a b s o l u t e  v i s c o s i t y  0 .2 2 2  cp .
Table 1-3• V isc o s ity  (a b s o lu te )  in  C en tip o ise s  o f some A lkanes.
vn O O 6o°
Temperature
70°
in  °C
80° 100° 130°
n-hexane — 0.2411 0.2223 0.2050
n-hep tane  — 0.3128 0.2867 0.2635 0.2431 0.2086
an -oc tane  — 0.3947 0.3587 0.3274 0 .3004 0.2555
an-nonane — 0 .4970 0.4472 0.4047 0 .3687 0.3100 0.2445
n-decane — 0.6192 0.5517 0.4951 0 .4476 0.3715 0.2896
n-dodecane — 0.9321 0 .8147 0.7188 0.6398 0.5183 0.3923
n - t e t r a d e c a n e  — 1.345 1.154 1.002 0.8798 0.6958 0.5140
n-hexadecane — l . 866 1.573 1.346 1.166 0.9019 0.6499
n-oc tadecane  — 2.782 2.087 1.760 1.505 1.140 0 .803
Hisooc tane"— 0.319 0.290 0 .2 6 4 0 .243
Nujo l — 33.3 22.5 16.1 10.5 5.30 2.20
(a) Values from r e f .  11.
(b) 2 ,2 ,4- t r im e th y lp e n t a n e  (va lues  from 0 . Kumura, J^ . Japan Chem. Soc. , 6^., 98 ( 1942) .
(c) The v i s c o s i t y  o f  our sample o f  Nujol was found to  be i d e n t i c a l  w i th  t h a t  of  a sample o f  p a r a f i n
o i l  which was su p p l ied  by P r o f e s s o r  T. Koenig,  U n iv e r s i t y  o f  Oregon, Eugene, Oregon.
Table 1 -4 . D ensity  (g /m l) o f  some A lk an es .—
Alkane o o 60°
Temperature
70°
in  °C
80° 100° 150°
n-hexane 0 .6 5 1 6 0 .6 2 1 4 0 .6 1 0 2
n-hep tane 0 .6 5 8 5 0.6495 O.6598 0 .6505 0.6110
n-oc tane 0 .6 7 8 4 0 .6 7 0 1 0.6614 0 .6 5 2 8 0 .6 5 5 2
n-nonane 0 .6 9 4 4 0.6864 0 .6781 0 .6 7 0 1 0 .6 5 5 6 0 .6 2 7 0
n-decane 0 .7 0 7 5 0 .6 8 8 6 0.6917 0.6840 0 .6 6 8 1 0 .6452
n-dodecane 0 .7 2 7 1 0 .7 1 9 8 0 .7 1 2 5 0.7048 0 .6 9 0 0 0 .6 6 6 7
n - t e t r a d e c a n e 0 .7417 0 . 75^6 0 .7 2 7 2 0 .7205 0 .7 1 5 2 0 .6 8 5 6
n-hexadecane 0 .7 5 2 8 0.7459 0.7589 0 .7520 0 .7 1 8 0 0 .6 9 6 5
n-oc tadecane 0 .7 6 1 6 0 .7 5 4 8 0 .7 4 8 1 0.7415 0 .7 2 7 6 0 .7 0 6 5
" i so o c ta n e " 0.6670 0 .6 5 8 5 0.6498 0.6408 0 .6 2 1 9
Nujo l — 0 .8 6 2 0 .8 5 6 0 .8 5 0 0.845 0 .8 2 7 0 .8 1 5
(a ) A l l  va lues  from r e f .  11 except Nujo l.
(b) Values determined in  t h e se  l a b o r a t o r i e s .
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Table  1~5 « A rrh e n iu s  Pa ram e te r s  f o r  Viscous  Flow o f  some Hydro- 
carbon  S o l v e n t s . —
Av X 10+ 2 ( CP) E (k c a l /m o le )  v  v '
n -p e n ta n e 2.275 1.358
n-hexane 1.910 1 .6 1 2
n - h e p ta n e 1 .7 2 6 I . 8 5 5
n -o c t a n e 1.592 2 .0 6 0
n-nonane 1.442 2 . 2 7 2
n-decane 1 . 2 9 4 2.486
ri-dodecane 1 .2 1 9 2 .7 8 1
n - t e t r a d e c a n e 1.146 3.046
n-hexadecane 1 .169 3 . 2 1 9
n -o c ta d e c a n e 1 .1 6 9 3.387
Nujo l ( p a r a f f i n  o i l ) 0 . 0 0 1 8 6 9 . 2 8
,1i s o o c t a n e " 1 .305 2 . 0 5
(a )  Values  o b t a i n e d  by a l e a s t  sq u a r e s  a n a l y s i s  o f  t h e  e q u a t io n :  
11 = Av exp(Ev /RT).
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DERIVATION OF BASIC EQUATIONS:
The o r i g i n  o f  th e  v i s c o s i t y  dependence o f  k 0k S(j can be 
seen  by an a n a l y s i s  o f  th e  g e n e r a l  m e c h a n is t ic  scheme
Scheme 1-3
k i  .
1 < ^ r [c a g e ]  —£— > F ree  R ad ica ls
k - l D
k e
f o r  which th e  obse rved  r a t e  c o n s t a n t  f o r  decom pos i t ion  o f  t h e  i n i ­
t i a t o r  i s
k l (kD +  V
obsd k 1 + kD + k p (1 -11)
The symbols a r e  d e f i n e d  as fo l l o w s :
The r a t e  c o n s t a n t  f o r  bond h om olys is ,  
k  ^ The r a t e  c o n s t a n t  f o r  reco m b in a t io n  o f  t h e  gemi­
n a t e  r a d i c a l s  (cage  r e t u r n ) ,  
kp The r a t e  c o n s t a n t  f o r  d i f f u s i v e  s e p a r a t i o n  o f  th e
gem ina te  r a d i c a l s .
k The r a t e  c o n s t a n t  f o r  any p r o c e s s  t h a t  competes
P
w i th  d i f f u s i o n  and cage  r e t u r n .  In  some systems 
t h i s  may be a sum o f  s e v e r a l  r a t e  c o n s t a n t s .
[cage]  The geminate  p a i r ,  formed in  s t e p  k ^ , d u r in g  t h e i r
i n i t i a l  e n c o u n te r .
The v i s c o s i t y  o f  a s o l v e n t  may be w r i t t e n  a s 6
71 = Av exp(Ev /RT) J l - 1 2 )
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The q u a n t i t y  i s  th e  energy  b a r r i e r  t h a t  must be overcome b e f o r e  
t h e  e lem en ta ry  f low p r o c e s s  can o ccu r .
The r a t e  c o n s t a n t  f o r  d i f f u s i o n ,  k ^ ,  can be w r i t t e n  in  a 
s i m i l a r  form by u s in g  t h e  A r rh e n iu s  e q u a t i o n .
kD = Ad exp(-ED/RT) (1 -13)
The q u a n t i t y  E^ i s  t h e  energy  b a r r i e r  t h a t  must be overcome b e f o r e
a d i f f u s i v e  d isp la ce m e n t  can o c cu r .  I f  we assume t h a t  t h e r e  i s  a 
l i n e a r  r e l a t i o n s h i p  between and E^, th e n  t h e  r a t e  c o n s t a n t  f o r  
d i f f u s i o n  can be e x p re s sed  as a f u n c t i o n  o f  t h e  s o lv e n t  v i s c o s i t y .
= cffi (L -I I4-)D v '  '
k AD(AV/Tl)a  (1-15.-)D
In  o rd e r  to  de te rm in e  th e  v i s c o s i t y  dependence o f  k k S{j> 
eq 1-11 must be re a r ra n g e d
1 /k obsd = k ,k  ^1 + k / k J  + 1 /k l  ( 1- 1 6 )
1 0 D g
A sim ple  e x p re s s io n  f o r  th e  v i s c o s i t y  dependence o f kQk S(j caa 
o b ta in e d  from eq 1-16 in  e i t h e r  o f  two l i m i t i n g  c a s e s .
CASE I :  k g r e a t e r  th a n  k :
 ____________B__________________ 2
The e x p r e s s io n  w i th in  th e  b r a c k e t s  in  eq 1-16  can be r e p la c e d  by a 
b in o m ia l  s e r i e s  o f  th e  form
( l  + x ) " 1 = 1 - x + x2 - x3 + . . .
to  g iv e  eq 1-17
S u b s t i t u t i n g  eq I - I 5 i n t o  eq 1-17 > and r e t a i n i n g  on ly  t h e  f i r s t  te rm  
o f  th e  s e r i e s ,  we o b ta in
l / k obsd ■ 0 7  ( f ) “ + 1/kl  (1 f 1- 1 8 )p i p
We a re  n o t  aware o f  any systems for which t h i s  e q u a t i o n  i s  v a l i d .
The o r i g i n a l  a ssum pt ion  i n  t h i s  c a s e ,  k > k , i s  no t  l i k e l y  t o  be
P D
t r u e  excep t  in  a s y s te m  where t h e  m i c r o - v i s c o s i t y  i s  u l t r a - h i g h ;  
t h i s  c a s e  might be v a l i d  in  a f r o z e n  g l a s s .
CASE I I :  kg l e s s  th a n  k ^ :
E q u a t io n  1-16 can be r e a r r a n g e d  t o  g ive
1 /k obsd -  ^  ( l  V y k D> + 1 /k !  t 1' 1^
R ep lac ing  t h e  e x p r e s s i o n  w i t h i n  t h e  b r a c k e t s  w i th  t h e  same b inom ia l  
s e r i e s  t h a t  was used  in  Case I  g iv e s  eq 1-20.
1 /k obsd ’  C1 '  k ^  +  (^ 12 -  (k^ )3  + • • • ] +  ! / k l
( 1- 2 0 )
S u b s t i t u t i n g  t h e  r i g h t - h a n d  s i d e  o f  eq I - I 5 f o r  k^ g iv e s  an equa­
t i o n  r e l a t i n g  t h e  o bse rved  r a t e  c o n s t a n t  f o r  bond hom olys is  and 
t h e  s o l v e n t  v i s c o s i t y .
1 D v D v D v
+ l / k L (1 -2 1 )
Now l e t  us  c o n s i d e r  th e  s p e c i a l  ca se  of  eq 1-20 t h a t  r e ­
s u l t s  whenever k i s  z e r o ,  o r  whenever k /k^  in  eq 1-20 can be
H r'
n e g l e c t e d  b ecause  i t  i s  sm al l  r e l a t i v e  t o  u n i t y .  The r e s u l t i n g  
e q u a t i o n  i s
1 /k  . , = 1/k-  + (-J-)® (1-22)obsd 1 A^k, A v /D 1 v
This  e q u a t i o n  p r e d i c t s  t h a t  t h e r e  w i l l  be a l i n e a r  r e l a t i o n s h i p
between 1 /k  , , and ( T | / A  )®. We have  observed  t h a t  t h i s  l i n e a robsd 1 v
c o r r e l a t i o n  can be o b ta in e d  f o r  a wide v a r i e t y  o f  e x p e r im en ta l  d a t a  
i f  a lp h a  i s  eq u a l  t o  0 . 5 .* We do n o t ,  however,  b e l i e v e  t h a t  th e  
same v a lu e  o f  O' n e c e s s a r i l y  a p p l i e s  t o  a l l  i n i t i a t o r s ;  we b e l i e v e  
t h a t  a i s  dependent  upon th e  s o lv e n t  s e r i e s ,  t h e  t e m p e r a t u r e ,  and 
th e  s i z e  and shape o f  t h e  gemina te  r a d i c a l s .
Q u a l i t a t i v e l y ,  eq 1-22 a l low s  i n i t i a t o r s  t o  be d iv id e d  
i n t o  two c l a s s e s .  I n i t i a t o r s  t h a t  g ive  no cage  r e t u r n ,  k  ^ = 0 ,  
w i l l  have  a z e ro  s l o p e .  I n i t i a t o r s  t h a t  do g iv e  cage r e t u r n  w i l l  
have a f i n i t e  s l o p e .  This  q u a l i t a t i v e  t e s t  should  be a p p l i c a b l e  
t o  any i n i t i a t o r  p ro v id e d  t h a t  k^ i s  t h e  only  r a t e  c o n s t a n t  t h a t  i s  
v i s c o s i t y  dependent  and t h a t  no s o l v e n t  e f f e c t  i s  a s s o c i a t e d  w i th  
th e  change in  v i s c o s i t y  which cause s  e i t h e r  k.  , k - ,  o r  k t o  changei  - 1 p
*The t h e o r e t i c a l  s i g n i f i c a n c e  of  a lpha  and a p o s s i b l e  way o f  e x p e r i ­
m e n t a l l y  d e t e r m in in g  i t  w i l l  be d i s c u s s e d  i n  P a r t  I I  o f  t h i s  D i s s e r  
t a t i o n .
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THE VISCOSITY TEST FOR CONCERTED DECOMPOSITION:
This t e s t  i s  based  on th e  f o l lo w in g  p o s t u l a t e s :
, ( l )  Any m olecu le  t h a t  decomposes by t h e  s c i s s i o n  o f  on ly  one 
bond can and w i l l  g iv e  cage  r e t u r n  in  s o l u t i o n .
(2)  For such a m o le c u le ,  t h e  observed  r a t e  c o n s t a n t  f o r  de­
com pos i t ion  w i l l  d e c r e a s e  as t h e  v i s c o s i t y  o f  t h e  s o l v e n t  i n c r e a s e s  
( s o l v a t i o n  f o r c e s  b e in g  k e p t  c o n s t a n t ) \
(3) Any m olecu le  t h a t  decomposes by t h e  synchronous s c i s s i o n  
o f  more than  one bond cannot  g ive  cage  r e t u r n ,  and w i l l  have a r a t e  
c o n s t a n t  t h a t  i s  independen t  o f  th e  s o l v e n t  v i s c o s i t y .
Equa t ion  1-22 p ro v id e s  a c o n v en ien t  means o f  p r e s e n t i n g  
d a t a  on th e  v i s c o s i t y  dependence o f  a r a t e  c o n s t a n t ,  bu t  t h e  v i s c o ­
s i t y  t e s t  f o r  c o n c e r t e d  decom pos i t ion  i s  l i m i t e d  on ly  by th e  r e ­
quirement  t h a t  k ^ ,  k and k remain c o n s t a n t  th ro u g h o u t  t h e  s o l -  
v en t  s e r i e s .  Two examples w i l l  i l l u s t r a t e  t h i s  p o i n t .
The d e r i v a t i o n  o f  eq 1-22 d i s r e g a r d e d  any r e a c t i o n s  of 
t h e  geminate  p a i r  excep t  d i f f u s i o n  and r e c o m b in a t io n .  There a r e  
some systems in  which t h e  geminate  p a i r  may undergo o t h e r  r e a c t i o n s .  
C ons ide r  t h e  one-bond homolys is  o f  a p e r e s t e r .
Scheme 1-4
[R* C02 * OBuT 
A
g - s c i s s i o n
RC020Bu -* [RC02 -0Bu] d i f f u s i o n . r c c , 2 * r .
reco m b in a t io n
V
RCO ^ OBu
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I f  t h e  r a t e  c o n s t a n t s  f o r  g - s c i s s i o n ,  d i f f u s i o n  and r e ­
com bina t ion  a re  a l l  o f  t h e  same m agn i tude ,  then  eq 1-22 i s  no lo n g e r  
v a l i d .  However, because  t h e  system in c lu d e s  cage  r e t u r n ,  t h e  ob­
s e r v ed  r a t e  c o n s t a n t  w i l l  be v i s c o s i t y  dependen t .
For  th e  v i s c o s i t y  t e s t  t o  be a b l e  t o  d e t e c t  one-bond 
h o m o ly s i s ,  th e  l i f e t i m e  o f  t h e  r a d i c a l s  produced by th e  i n i t i a l  
bond hom olys is  must be o f  t h e  same o r d e r  o f  magnitude  as t h e  t ime 
r e q u i r e d  f o r  d i f f u s i v e  s e p a r a t i o n  o f  t h e  gemina te  p a i r .  Noyes has  
e s t i m a t e d  t h i s  l a t t e r  q u a n t i t y  t o  be about 10" 10 second. This 
r e q u i r e s  t h a t  a s p e c i e s  such as RC02 ' must be s t a b l e  f o r  102 t o  103 
bond v i b r a t i o n s  b e f o r e  i t  decomposes.
Now c o n s id e r  th e  two-bond hom olysis  o f  th e  p e r e s t e r  in  
Scheme 1-5* I t  i s  p o s s i b l e  t h a t  a c o n s id e r a b le  f r a c t i o n  o f  th e  
gem ina te  r a d i c a l s  co u ld  recom bine to  form a s t a b l e  cage p ro d u c t .
Scheme 1-5
ROR'
A
cage p ro d u c t
RCO 2OBU -* [R-COa'QR'] dl££u.^ on- >  R. + R./
E qua t ion  1-22 i s  n o t  v a l i d  i n  t h i s  system e i t h e r ,  bu t  th e  v i s c o s i t y  
t e s t  w i l l  s t i l l  show t h a t  t h e  i n i t i a t o r  i s  decomposing by a con­
c e r t e d  mechanism because  k 0b S(j w i l l  be v i s c o s i t y  in d e p en d e n t .
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APPLICATION OF THE VISCOSITY TEST TO SOME AZO INITIATORS: 
p -N itro p h e n y la z o tr ip h e n y lm e th a n e  (NAT):
B a r t l e t t  reviewed t h e  a v a i l a b l e  ev idence  on t h e  decompo­
s i t i o n  o f  i n i t i a t o r s  o f  t h i s  t y p e , i n  1966 and concluded t h a t  th e y  
decompose by t h e  synchronous s c i s s i o n  of  b o th  c a r b o n - n i t r o g e n  
b o n d s . 73 The v i s c o s i t y  e f f e c t  r e p u d i a t e s  t h i s .  T ab le  1-6 shows 
t h a t  t h e  observed  r a t e  c o n s t a n t ,  ^0^ scj> d e c r e a s e s  r e g u l a r l y  as t h e  
s o l v e n t  i s  changed from th e  low m o l e c u l a r - w e i g h t , low v i s c o s i t y  
s o l v e n t s  t o  h ig h  m o l e c u l a r - w e i g h t ,  h ig h  v i s c o s i t y  s o l v e n t s .
Table  1 -6 .  Rate C o n s ta n ts  — f o r  th e  Decom position o f  NAT in  Un-
branched  Hydrocarbon S o lv e n ts .  —
S o lv e n t  
No. o f  
Carbon 
Atoms
n- a lk an e s cy-olef in s
50°  C
k x 105
6o°  c
k x 104
70° c
k x 104
7 7 . 5 °  c
k x 103
60°  c
k x 105
5 5 .6 0 0 1.2800
6 2.750 1.1950 11.45
T 2 .7 1 6 1.0450 5.900
8 l.Ol^O 5 .650 1.28 11 .25
9 2.200 0 .9 9 0 0 5.710
10 2 . 0 1 7 0 . 9 9 8 8 3.350 1.16 IO.58
12 1-935 0 . 9 1 6 6 3.250
14 1 .8 6 6 0 . 8 8 0 0 3 • 116 9 . 0 2
16 1 .716 0 . 8 1 5 5 2 .9 6 6 1 .09 8 . 2 5
18 0 .7 7 8 0 2.783 7 .58
20 7 .6 0
(a )  R ate  c o n s ta n t  i s  k ( 0b serve(}) > s e c - 1 .
(b ) R ate  c o n s ta n t s  d e te rm ined  by d is a p p e a ra n c e  o f  i n i t i a t o r  (method 
l a ) .
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Accord ing  to th e  p o s t u l a t e s  enumerated p r e v i o u s l y ,  t h i s  v i s c o s i t y  
dependence o f  k0bS(} i s  ev idence  t h a t  NAT decomposes by t h e  i n i t i a l  
s c i s s i o n  o f  on ly  one c a r b o n - n i t r o g e n  bond.
Ar-N=N-CPh3 ^  [Ar-Na ' + *CPh3 ] -* ArN2* + ’CPh3
When t h i s  c o n c lu s io n  was f i r s t  p u b l i s h e d 12 t h e r e  was ve ry  
l i t t l e  ev idence  to  su p p o r t  t h e  e x i s t e n c e  of  t h e  a r y l d i a z e n y l  r a d i ­
c a l .  There  was e s r  ev idence  f o r  t h e  e x i s t e n c e  of  a d i a z e n y l  r a d i ­
c a l  from th e  p h o t o l y s i s  o f  AIBN a t  -196°  in  a f r o z e n  g l a s s , 13 bu t  
t h i s  i s  o f  q u e s t i o n a b l e  r e l e v a n c e  t o  work a t  room t e m p e ra t u re  in  
s o l u t i o n ,  and in  f a c t ,  t h e  i n t e r p r e t a t i o n  o f  t h e  e s r  spec t rum has  
been q u e s t i o n e d . 14 The on ly  o t h e r  ev idence  f o r  t h e  e x i s t e n c e  o f  
RN2 * r a d i c a l s  was t h e  c o n c l u s i o n  by Kodama t h a t  azomethane decom­
poses  i n t o  a methyl  and a m e th y ld i a z e n y l  r a d i c a l  when p h o t o l y z e d . 15 
This  c o n c lu s io n  was based  on t h e  o b s e r v a t i o n  t h a t  t h e  quantum y i e l d ,  
§ ,  f o r  p h o t o l y s i s  d e c r e a se d  as t h e  t e m p e ra t u re  of  t h e  s o l u t i o n  was 
low ered .  The d a t a  a r e  shown in  Tab le  1~7«
T ab le  1-7- The E f f e c t  o f  Tempera ture  on th e  Quantum Y ie ld  in  t h e
g
P h o t o l y s i s  o f  Azomethane.—
Temp. °C
80 .90
0 .65
-80 .35
( a )  Data  from Kodama, r e f .  15*
(b )  Hexane s o l v e n t .
N orm al ly ,  t h e  quantum y i e l d  i n c r e a s e s  a t  lower t e m p e r a t u r e s  because  
t h e r e  i s  l e s s  c o l l i s i o n a l  d e a c t i v a t i o n  o f  e x c i t e d  s p e c i e s .  How­
e v e r ,  i f  t h e  e x c i t e d  s p e c i e s  b reak s  i n t o  only  two f r a g m e n t s ,  they  
can  recombine  w i t h i n  th e  s o l v e n t  cage .  This  cage  rec o m b in a t io n  
w i l l  become more im p o r tan t  a t  lower t e m p e r a t u r e s  because  t h e  s o l ­
v e n t  v i s c o s i t y  i n c r e a s e s .  Thus,  th e  quantum y i e l d  w i l l  d e c r e a se ,  
w i th  d e c r e a s i n g  t e m p e r a t u r e  f o r  a one-bond h om olys is .
S ince  our i n i t i a l  p u b l i c a t i o n ,  more c o n c r e t e  ev idence  f o r  
t h e  e x i s t e n c e  of  d i a z e n y l  r a d i c a l s  has  been p u b l i s h e d .  Kooyman has  
p roposed  t h e i r  e x i s t e n c e  i n  t h e  decom pos i t ion  o f  a r e n e d i a z o t h i o l a t e s .
Ar-N 2SR si [ArN2 * + -SR] ■d— £-- - l0n--> ArN2 ’ *SR
He reach ed  t h i s  c o n c lu s io n  because  no Ar-SR i s  formed as a cage-  
p r o d u c t ,  b u t  i t  i s  a f r e e - s o l u t i o n  p r o d u c t .  The ArN2 * r a d i c a l  must 
be so s t a b l e  as t o  never  decompose d u r in g  th e  l i f e t i m e  o f  th e  cag e ,  
abou t  10” 10 s e c .  Kosower17 has  e x p la i n e d  th e  chem ica l  p r o p e r t i e s  
o f  p h e n y l d i a z e n e , CSH5N2H, u s i n g  p h e n y ld ia z e n y l  r a d i c a l s  as r e ­
a c t i v e  i n t e r m e d i a t e s .
P h e n y la z o t r ip h e n y lm e th a n e  (PAT): *
The v i s c o s i t y  dependence  o f  ^ f o r  t h i s  i n i t i a t o r  has  
been de te rm ined  a t  60° in  t h e  a lk an e  s o l v e n t s .  The d a t a  a r e  l i s t e d  
in  Tab le  4 o f  Appendix I . t  The q u a l i t a t i v e  c o n c lu s io n s  from the  
v i s c o s i t y  t e s t  a r e  t h e  same as f o r  NAT.
*These d a t a  were o b ta in e d  by B enne t t  L. L e v e n th a l .  The a u th o r  would 
l i k e  t o  acknowledge h i s  v a l u a b l e  a s s i s t a n c e  i n  t h e  l a t t e r  s t a g e s  of  
t h i s  p r o j e c t .  
fSee  page 71.
Azocumene:
Data  f o r  t h e  decom pos i t ion  of  azocumene a r e  shown i n  
F i g .  1- 1 . The s lo p e  o f  t h e  graph of  eq 1-22  i s  z e r o ,  i n d i c a t i n g  
t h a t  azocument decomposes by a c o n c e r t e d  mechanism.
PhCMe2"N=N- CMe^Ph -• [PhCMe£ N£ ‘CMe^h]
There i s  o t h e r  ev id en ce  t o  su p p o r t  t h i s  c o n c l u s i o n .  S e l t z e r  has
r e p o r t e d  on th e  decom pos i t ion  of  a z o - a - p h e n y l e t h a n e , PhChMeN=
NCHMePh.19 The k i n e t i c  i s o t o p e  e f f e c t ,  k / k  , f o r  t h i s  compound,H D
w i th  one d e u te r iu m  in  bo th  b e n z y l i c  p o s i t i o n s ,  i s  1 .27 .  This  
v a lu e  i s  r e a s o n a b le  on ly  i f  bo th  c a r b o n - n i t r o g e n  bonds a re  b r e a k ­
ing i n  t h e  t r a n s i t i o n  s t a t e .
PhCHMe-N=N“ CHMePh -* [PhCHMe----N=N CHMePh]
The a c t i v a t i o n  energy  r e q u i r e d  to  r e a c h  t h i s  t r a n s i t i o n  s t a t e  w i l l
be low ered ,  r e l a t i v e  to  t h e  c o r r e sp o n d i n g  t r a n s i t i o n  s t a t e  i n v o l v ­
ing  one-bond s c i s s i o n ,  by t h e  re so n an c e  s t a b i l i z a t i o n  energy  o f  
t h e  a - p h e n y l e t h y l  r a d i c a l .  S ince  t h e  cumyl r a d i c a l *  has  3 k c a l / m o le  
more re sonance  s t a b i l i z a t i o n  energy  th a n  does t h e  Ctf-phenylethy1 
r a d i c a l ,  azocumene must a l s o  decompose by a c o n c e r t e d  mechanism.
^■Calculated from bond d i s s o c i a t i o n  e n e r g i e s .  D(PhCMe2-H) = 
79 k c a l /m o le ;  D(PhCHMe-H) = 82 k c a l /m o le .
F ig u r e  1 -1 .  The observed  r a t e  c o n s t a n t  o f  s e v e r a l  i n i t i a t o r s  as a 
f u n c t i o n  of  s o l v e n t  v i s c o s i t y .
U n i t s :
k , , s e c " 1obsd
T|/Av -  no u n i t s  
S c a le  f a c t o r :
A c e ty l  p e r o x id e
ooCO
1 /kobsd X
ior~l
A c e ty l  p e ro x id e 60° 1 /k obsd X 10" 5 4- 9 .0
NAT 80° ! / k u  ^obsd X i o - 2
NAT 70° obsd X 1 0 - 2 + 4.0
NAT
ooin ! / k K a obsd X
10-4 + 0 .5
Azocumene 60° ! / k K Jobsd X 10“ 4 + 1.0
(7)/Av )°-5,x 1.0.
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AcOOAc 8 0
AcOOAc 6 0
12
NAT 8010
8 NAT 7 0
NAT 5 0obsd 6
4
Azocumene 6 0
2
0
4 8 10 12 14 162 6
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APPLICATION OF THE VISCOSITY TEST TO A DIACYL PEROXIDE:
The q u e s t i o n  of  w he ther  a c e t y l  p e ro x id e  does o r  does no t  
undergo  cage  r e t u r n  has  had a long and c o l o r f u l  h i s t o r y .  In  195 -^j 
Szwarc p roposed  t h a t  t h e  decom pos i t ion  o f  a c e t y l  p e ro x id e  p ro ­
ceeded by s im ple  0 -0  bond c lea v a g e  to  y i e l d  two ace toxy  r a d i c a l s ,  
and t h a t  th e  two ace toxy  r a d i c a l s  cou ld  recombine  w i t h i n  t h e  c a g e . 20
In  1961, Szwarc sought  c o n c l u s i v e  p r o o f  f o r  cage rec o m b in a t io n  o f
ace to x y  r a d i c a l s  by s t u d y in g  t h e  decom pos i t ion  of  a c e t y l  p e ro x id e  
which was l a b e l e d  w i th  0 -1 8  in  t h e  c a rb o n y l  p o s i t i o n . 21 F a i l u r e  
t o  ob se rv e  any a c e t y l  p e r o x id e  w i th  t h e  0 -1 8  l a b e l  in  t h e  p e ro x id e  
oxygens led  Szwarc t o  conc lude  t h a t  a ce to x y  r a d i c a l s  d id  no t  r e ­
combine w i t h i n  t h e  cage .  However,  t h e s e  d a t a  were no t  c o r r e c t i  and they
confused  t h e  t h i n k i n g  o f  w orkers  in  t h e  f i e l d  f o r  s e v e r a l  y e a r s .
A c o n s i d e r a b l e  c o n t r o v e r s y  deve loped  c o n ce rn in g  w he ther  o r  not 
a ce to x y  r a d i c a l s  were produced in  th e  decom pos i t ion  o f  a c e t y l  
p e r o x i d e . 22 523 In  19635 Shine  r e p o r t e d  t h a t  a ce to x y  r a d i c a l s  cou ld  
be scavenged by c y c lo h e x e n e 223 and conc luded  t h a t  ace toxy  r a d i c a l s  
e x i s t  i n  f r e e  s o l u t i o n  _i.,e. , o u t s i d e  .of t h e  s o l v e n t  cage .  This 
c o n c lu s io n  was c h a l l e n g e d  by J .  C. M a r t i n 23^ ,  b u t  he has  s in c e  
a g reed  t h a t  Shine  was c o r r e c t . 24^
In  I 9 6 5 j T a y lo r  and M ar t in  r e p e a te d  th e  0 -1 8  sc ram b lin g  
e x p e r im en ts  and found t h a t  0 -1 8  was "sc ram bled"  between th e  two 
oxygen p o s i t i o n s ,  thus  p ro v in g  c o n c lu s iv e ly  t h a t  a c e t y l  p e ro x id e  
was a one-bond i n i t i a t o r  and t h a t  a ce to x y  r a d i c a l s  do recombine 
w i th in  th e  c a g e . 243
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We have de te rm ined  th e  r a t e  c o n s ta n t  f o r  deco m p o sit io n  
o f  a c e t y l  p e ro x id e  in  a s e r i e s  o f  n -a lk a n e s  by fo l lo w in g  th e  d i s ­
appea ran ce  o f  th e  ca rb o n y l  band a t  1800 k a y se rs  and th e  d i s a p p e a r ­
ance o f  an even s t r o n g e r  band a t  1157 k a y s e r s .  The k i n e t i c  d a ta  
a r e  shown in  Table  1-8,  and F ig  1-1 shows a p l o t  o f  eq 1-22 f o r  
a c e t y l  p e ro x id e  a t  60 and 8 0 ° . The expec ted  dependence o f  
on v i s c o s i t y  i s  e v id e n t .*
T ab le  1 -8 .  Rate C o n s tan ts  f o r  th e  D ecom position o f  A ce ty l  Pero- 
______________x id e  in  n-A lkane  S o lv e n ts  a t  80° .  ~ ______________________
105 k obsd
n -a lk a n e 1800 c m '1 1157 cm"1
h ep tan e 7-72 7 .6 2
o c tan e 7 .3 4 7 .2 1
decane 6 .8 5 6 .99
dodecane 6 .1 5 6 .5 8
t e t r a d e c a n e 5 .9 0 6 .1 2
hexadecane 5 .3 9 5-49
(a )  K in e t i c s  by d ia p p e a ra n c e o f  i n i t i a t o r (Method l b ) .
*An i n t e r e s t i n g  h i s t o r i c a l  n o te  i s  t h a t  th e  d a t a  a t  6 0 ° , by E i r i c h  
e t . a l . , were o b ta in e d  b e f o r e  th e  e r ro n eo u s  0 -1 8  sc ram b lin g  had 
been d is p ro v e d .  The im p l ic a t io n s  o f  these d a ta  w ith  r e g a rd  to  
cage  reco m b in a t io n  were m en tioned  by th e  a u t h o r s ,  b u t  d is c o u n te d  
in  d e fe re n c e  to  th e  0 -1 8  w o rk .25
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APPLICATION OF THE VISCOSITY TEST TO SOME _t-BUTYL PERESTERS:
B a r t l e t t  and h i s  group have p r e s e n t e d  ev id en ce  t h a t  a 
s e r i e s  o f  p e r e s t e r s  w i th  s t r u c t u r e s  I  o r  I I  decompose t h e r m a l ly  
w i t h  c o n c e r t e d  r u p t u r e  o f  t h e  0 -0  bond and t h e  C-C b o n d .3 ’ 26
^  xy-CH2-C02-0But Ph2CHC02-0 B u - t
I  I I
B a r t l e t t  and H i a t t 25a p o in t e d  ou t  t h a t  th e  c o n c e r t e d  decomposi­
t i o n  o f  t h e s e  p e r e s t e r s  a l low s  the  re sonance  energy  o f  th e  b enzy l  
and benzhydry l  r a d i c a l s  to  c o n t r i b u t e  t o  a low er ing  o f  t h e  e n th a lp y  
o f  a c t i v a t i o n
iy—CHa- CO 2- OBu-1 -*
0 - 1
o  CH2 C 0 OBu-t j
Resonance s t a b i l i z a t i o n  o f  t h e  i n c i p i e n t  b e n z y l i c  r a d i c a l  can occu r  
on ly  i f  t h e  r o t a t i o n  abou t  th e  Ph-C bond i s  r e s t r i c t e d .  B a r t l e t t  
and H i a t t  deve loped  a c o r r e l a t i o n  between t h e  a c t i v a t i o n  p a r a m e t e r s ,  
AH^ and AS^, and t h e  number o f  bonds t h a t  become r o t a t i o n a l l y  r e ­
s t r i c t e d  in  t h e  t r a n s i t i o n  s t a t e  f o r  deco m p o s i t io n  o f  t - b u t y l  
p e r e s t e r s . *
We have examined th e  v i s c o s i t y  dependence o f  f o r
f i v e  o f  t h e s e  a l l e g e d  two-bond i n i t i a t o r s .  Tab le  1-9 shows th e  d a t a .
*This  c o r r e l a t i o n  has  been used  t o  d i s t i n g u i s h  between one- and two- 
bond i n i t i a t o r s  and w i l l  be d i s c u s s e d  in  g r e a t e r  d e t a i l  l a t e r .
T ab le  1- 9 * R a te  C o n s ta n ts  f o r  th e  H om olysis o f  R-COa“ OBu-J:.
50
R S o lv e n t kobs x 106( se c _ 1 )
Number 
o f  bonds 
b re a k in g
b£-CH3 - 0-PhCH2 - o c ta n e 253.0 2
£-CH3 - 0-PhCH2 d ecane 252 .0 2
£-CH3- 0-PhCH2 dodecane 265.O 2
£ - CH3- 0- PhCH2 dodecane 254.0 2
£-CH3- 0-PhCH2 te t r a d e c a n e 266 .0 2
£ - CH3 - 0- PhCH2 te t r a d e c a n e 270 .0 2
p~CH3 —PhCH 2 o c ta n e 8 8 .3 2
£-CH3-PhCH2 d ecane 9 0 .8 2
£-CH3 -PhCH2 dodecane 85 .7 2
£-CH3-PhCH2 te t r a d e c a n e 77.5 2
£-CH3 -PhCH2 hexadecane 1 0 3 .2 2
PhCH2 - o c ta n e 3 1 .7 1 (2 )  *
PhCHa o c ta n e 3 0 .6 1 (2 )
PhCH2 nonane 3 1 .2 ' 1 (2 )
PhCH2 decane 3 0 .0 1 (2 )
PhCHa dodecane 2 7 .4 1 (2 )
PhCHa dodecane 2 7 .6 1 (2 )
PhCHa te t r a d e c a n e 2 6 .6 1 (2 )
PhCHa h ex ad ecan e 2 6 .0 1 (2 )
£ -N 0a-PhCH2 - o c ta n e 6 .42 1
£-N0£-PhCH2 d ecan e 6 .3 0 1
£-N 0a -PhCH2 dodecane 5 .8 1 1
£-N 0a -PhCH2 te t r a d e c a n e 5.56 1
£-N 02-PhCH2 h ex ad ecan e 5-11 1
£-N 0 a-PhCH2 100°  - o c ta n e 160 .0 1
p-N0a -PhCH2 100° dodecane I 3 I .0 1
Ph^jCH - o c ta n e 1651.0 2
Ph^CH decane 1660.0 2
PhgCH dodecane 1688.0 2
PhsCH te t r a d e c a n e 1627.0 2
PhsCH h ex ad ecan e 1632.0 2
(a )  V a lu es  in  p a re n th e s e s  a r e  th o s e  p ro p o sed  by B a r t l e t t , 3 K o e n ig ,23 and 
Neuman;23
(b ) K in e t ic s  by l i m i t i n g  i n i t i a t o r  (m ethod 2 ) ;
(c )  K in e t ic s  by e x c e ss  i n i t i a t o r  (m ethod 3 ) ;
(d )  K in e t ic s  by d is a p p e a ra n c e  o f  i n i t i a t o r  (m ethod l b ) ;
(e )  A ll  r a t e  c o n s ta n ts  w ere d e te rm in e d  a t  77*5°  0 , e x c e p t w here n o te d .
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t - B u t y l  d i p h e n y l p e r a c e t a t e :
F ig u r e  1-2 shows t h a t  the  r a t e  c o n s t a n t  f o r  decom pos i t ion
o f  t h i s  i n i t i a t o r  i s  independen t  o f  t h e  s o l v e n t  v i s c o s i t y .  This
conf i rm s  th e  p ro p o s a l  by B a r t l e t t  and H i a t t  t h a t  t h i s  i n i t i a t o r  de­
composes by a c o n c e r t e d  mechanism.
t - B u t y l  p - X - p h e n y l p e r a c e t a t e ;  X = -CH3 , -OCH3> -N02 :
F ig u r e  1-2 shows t h a t  two o f  t h e s e  i n i t i a t o r s ,  X = -CH3
and -OCH3 , decompose by two-bond s c i s s i o n .  However, t h e  r a t e  con­
s t a n t  f o r  decom pos i t ion  o f  t h e  p - n i t r o p h e n y l p e r a c e t a t e  e x h i b i t s  a 
v i s c o s i t y  dependence c h a r a c t e r i s t i c  o f  a one-bond i n i t i a t o r .  This 
a p p a r e n t  v i s c o s i t y  dependence o f  t h e  deco m p o s i t io n  r a t e  c o n s t a n t  
o f  _ t -bu ty l  j a - n i t r o p h e n y l p e r a c e t a t e  cou ld  be t h e  r e s u l t  o f  some s o l ­
v e n t  e f f e c t  a s s o c i a t e d  w i th  t h e  jD-nit ro  g roup .  However, i t  i s  a l s o  
p o s s i b l e  t h a t  t h e  e l e c t r o n i c  e f f e c t  o f  t h e  £ - n i t r o  group cause s  
t h i s  i n i t i a t o r  t o  decompose by a n o n -c o n c e r t e d  mechanism.
B a r t l e t t  has  o bserved  t h a t  th e  s u b s t i t u e n t  e f f e c t  upon 
th e  deco m p o sit io n  o f  t_ -bu ty l p h e n y lp e r a c e ta t e s  f i t s  th e  Hammett 
e q u a t io n  w i th  th e  u se  o f  c + . 3 This  o b s e r v a t io n  i n d i c a t e s  t h a t  th e s e  
p e r e s t e r s  d i s s o c i a t e  th ro u g h  : a' t r a n s i t i o n  s t a t d  3iich as I a - b .
0
11X-Ph- CH2CO 2- OBu-1 -> [X-Ph-CH2---- C - - - 0 -----OBu-t]
l a
(+) " (")
[X- Ph-CH2- -  - C---Q- - -  0- Bu-1 ]
lb
F i g u r e  1-2 .  The observed  r a t e  c o n s t a n t  o f  s e v e r a l  p e r e s t e r s  as  a 
f u n c t i o n  o f  s o l v e n t  v i s c o s i t y .
U n i t s :
k , , s e c -1obsd
71/A no u n i t s  1 v
S c a l e  f a c t o r :
(11/AV) 1 /2  x 1.0
1 /k  , , s c a le d  as obsd f o l l o w s :
£-CH3PhCH2 Oo o c ( x 10' 4)
£-MeOPhCH2 80° ( x 10" 3 )
Ph2CH 80° ( x 10' 4 + 3 .0 )
PhCH2 8o° ( x 10' 4 + 5 . 0 )
£ -N02PhCH2 80° ( x 10" 4 )
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k obsd
R-COo-OBu-118
8016
14
1 2
1 0 PhCH
8
6
MeOPhCH
4
MePhCH2
0
0 2 8 1 04 6 1 2
( V A V ^ 2
33
The e l e c t r o n i c  e f f e c t  o f  a s u b s t i t u e n t ,  X, on t h e  r a t e  
o f  s c i s s i o n  o f  t h e  0 -0  bond i n  t h e s e  p e r e s t e r s  should  be sm a l l .
Th is  c o n t e n t i o n  i s  suppor ted  by th e  f a c t  t h a t  0 -0  bond s c i s s i o n  in  
benzoy l  p e ro x id e  i s  n o t  ve ry  s e n s i t i v e  t o  e l e c t r o n i c  s u b s t i t u e n t  
e f f e c t s ;  Swain, Stockmayer,  and C la rk  r e p o r t  t h a t  p f o r  t h e  decom­
p o s i t i o n  o f  benzoyl  p e ro x id e  i s  on ly  - 0 . Oh. 273 The 0 -0  bond in  t h e  
p e r e s t e r s  under  c o n s i d e r a t i o n  h e r e  should  be even l e s s  s e n s i t i v e  t o  
t h e  i n f l u e n c e  o f  s u b s t i t u e n t s  i n  t h e  benzene r i n g  because  th e  r e ­
a c t i o n  s i t e  i s  i n s u l a t e d  from th e  r i n g  by a methy lene  group.
A s t r o n g  e l e c t r o n  d o n a t in g  g roup ,  such as  j3-methoxy, w i l l  
s t a b i l i z e  c a n o n i c a l  form lb and th u s  f a c i l i t a t e  two-bond h om olys is .  
But,  a  s t r o n g  e l e c t r o n  w i thd raw ing  g roup ,  such as j j - n i t r o , cou ld  
d e s t a b i l i z e  I l l b  so much as t o  cause  t h e  i n i t i a t o r  t o  decompose by 
s c i s s i o n  o f  on ly  t h e  0 -0  bond.
t - B u t y l  p h e n y l p e r a c e t a t e :
The mechanism o f  d e c o m p o s i t io n  o f  _ t -bu ty l  p h e n y l p e r a c e t a t e  
has  been s t u d i e d  by t h r e e  groups of  w o rk e r s ,  each u s in g  a d i f f e r e n t  
a p p ro a c h .
B a r t l e t t  and H i a t t  a p p l i e d  t h e  a c t i v a t i o n  p a ra m e te r  t e s t ; 263 
Koenig28 measured th e  deu te r iu m  i s o t o p e  e f f e c t  u s i n g  P hC D ^O ^B u-1 ;  
and Neuman used  a co m para t ive  s tudy  o f  a c t i v a t i o n  v o lu m e s .29 Each 
o f  t h e s e  workers  conc luded  t h a t  _ t -bu ty l  p h e n y l p e r a c e t a t e  i s  a  two- 
bond i n i t i a t o r .
F i g u r e  1 -2  shows t h e  r e s u l t s  of  ou r  v i s c o s i t y  t e s t .  The 
s l i g h t  d e c r e a s e  i n  k Qk S£j as t h e  s o l v e n t  v i s c o s i t y  i n c r e a s e s  i n d i ­
c a t e s  t h e  p r e s e n c e  o f  some i n t e r n a l  r e t u r n ,  which i s  c h a r a c t e r i s t i c  
o f  a  one-bond i n i t i a t o r .
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These seemingly  c o n f l i c t i n g  r e s u l t s  can be r e c o n c i l e d  by 
p o s t u l a t i n g  t h a t  t h i s  p e r e s t e r  i s  decomposing by bo th  a one- and a 
two-bond mechanism. K o e n ig ' s  i s o t o p e  e f f e c t ,  k /k  = 1 . 1 3 , 28 i sri D
p ro b a b ly  too  b i g  t o  be a secondary  i s o t o p e  e f f e c t  of  t h e  second 
k in d 30 and i n d i c a t e s  t h a t  t h e  b e n z y l i c  c a rb o n -ca rb o n  bond i s  be ing  
broken i n  t h e  t r a n s i t i o n  s t a t e .
The k i n e t i c  i s o t o p e  e f f e c t  can d e t e c t  two-bond s c i s s i o n ,  
but would g ive  no ev id en ce  about a s im u l tan eo u s  one-bond s c i s s i o n .  
The v i s c o s i t y  t e s t  can d e t e c t  t h e  p r e s e n c e  o f  one-bond s c i s s i o n ,  
even i f  t h i s  i s  not t h e  main m e c h a n i s t i c  pa thway, b u t  i t  g iv e s  no 
d i r e c t  e v id en c e  f o r  t h e  e x i s t e n c e  o f  two-bond homolys is  i n  t h e  p r e ­
sence  o f  one-bond h o m o ly s i s .  Thus t h e  two t e s t s  a r e  complementary.
3.5
QUANTITATIVE CALCULATIONS OF CAGE PROCESSES:
Theory:
The decom pos i t ion  o f  a  one-bond i n i t i a t o r  p roduces  a 
p a i r  o f  r a d i c a l s  which can recombine t o  y i e l d  t h e  i n i t i a t o r ,  d i f ­
f u s e  a p a r t ,  o r ,  i n  some c a s e s ,  r e a c t  by some o t h e r  p r o c e s s .  Con­
s i d e r ,  f o r  example,  t h e  decom pos i t ion  o f  a c e t y l  p e r o x i d e . *
Scheme 1-6
k l  kDAcOOAc ■> [AcO* "OAc ] ------->
-1
V
CO s
[CH3 * AcO-]
The observed  r a t e  c o n s t a n t  i s
l k i (kn + ' k i )k = =——------- “—  (1-23)obsd k _ ]_ + *  kD  ^ tL:>)
I f  we make th e  fo l lo w in g  d e f i n i t i o n s  
f
kp th e  f r a c t i o n  o f  t h e  geminate
‘D
f
k + k^ + k .
e D -1
k
B
k + k_ + k .
P D -1
k .-1
p a i r s  t h a t  d i f f u s e s  a p a r t ,  
t h e  f r a c t i o n  o f  t h e  geminate  
p a i r s  t h a t  undergoes  (3-s c i s s i o n .  
_ t h e  f r a c t i o n  o f  t h e  geminate
r k *}* 1c *j*(3 D -1  p a i r s  t h a t  g ives  cage r e t u r n .
then  t h e  observed  r a t e  c o n s t a n t  can be w r i t t e n  as
kobsd -  k i < f D +  y  f 1- 2 ^
*Ac i s  t h e  a c e t y l  g roup ,  CH3C=0.
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S ince  t h e  sum of  f , . ,  f  and f  must be u n i t y ,  i t  fo l l o w s  t h a tD p r  J
kobsd = k L( l  - f r ) (1-25)
f  = 1 - k , , / k ,  ( 1- 2 6 )r  obsd 1 v '
The f r a c t i o n  o f  cage  r e t u r n  can be c a l c u l a t e d  from eq 1-26 i f  k^ 
i s  known.
I t  i s  p o s s i b l e  to  c a l c u l a t e  k^ from a s tu d y  o f  t h e  v i s ­
c o s i t y  dependence o f  Accord ing  t o  eq 1 -22 ,  which was de­
r i v e d  p r e v i o u s l y * ,  k^ can  be c a l c u l a t e d  from t h e  i n t e r c e p t  o f  a 
p l o t  o f  l / k Qbsd v e r s u s  (T]/Av ) a .
L/kobsd = L/kl  + k ^  ^A~^ ( ! - 2 2 )v
The d e r i v a t i o n  of  eq 1-22 invo lv ed  t h e  assum ption  t h a t  k was z e r o ,
P
o r  t h a t  k ^ /k p  was sm al l  compared t o  u n i t y .  The f i r s t  o f  t h e s e  a s ­
sumptions  i s  p ro b a b ly  n o t  t r u e , f o r  any o f  t h e  i n i t i a t o r s  i n  t h i s  
s t u d y ,  bu t  the  l a t t e r  may n o t  be a bad assum ption  i n  t h e  low v i s ­
c o s i t y  s o l v e n t s .  There i s  a p o s s i b i l i t y  t h a t  a computer program
cou ld  be used  t o  f i t  v i s c o s i t y  v e r s u s  k , , d a t a  t o  one o f  t h e  non-J ----------  obsd
l i n e a r  e q u a t i o n s  from which eq 1 -2 2  was d e r i v e d ,  b u t  t h i s  has n o t
y e t  been a t t e m p te d .
I f  k / k  i s  n o t  sm a l l  compared to  u n i t y ,  t h e n  a p l o t  of  
P D
l / k Qbsd v e r s u s  (Tj/Av ) a  sho u ld  n o t  be l i n e a r .  The s lo p e  o f  th e  
l i n e  shou ld  become s m a l l e r  as (7]/Av ) a  i n c r e a s e s .  The f a c t  t h a t  we 
have seen  no i n d i c a t i o n  o f  t h i s  d e v i a t i o n  from l i n e a r i t y  s u g g es t s
*See page 1 9 .
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t h a t  eq 1-22  i s  no t  s e n s i t i v e  t o  t h e  p r e s e n c e  o f  modera te  amounts
o f  p - s c i s s i o n .  There i s  one o t h e r  t e s t  f o r  (3 -sc is s ion  t h a t  i s  more
s e n s i t i v e .  I f  k i s  z e r o ,  th e n  t h e  d e f i n i t i o n  o f  f  becomes p r
£r ‘ k ^ T 7  (I-*)
This  can be r e a r r a n g e d  to  o b t a i n  an e x p r e s s i o n  f o r  t h e  t e m p e ra t u re  
dependence o f  f ^ .
l 0 g 1 -  f r "  ^ + 2 .303RT ( 1“ 2 8 )
ae  = e d -  e _ l  ( 1 - 2 9 )
We have r e l a t e d  E^ t o  t h e  energy  o f  a c t i v a t i o n  f o r  v i s c o u s  
f low ,  E , by t h e  e q u a t i o n
Ed = <*Ev (1-30X
I f  we assume t h a t  E_^ i s  z e r o ,  th e n  eq I -3 0  d e f i n e s  t h e  maximum
ex p ec te d  v a lu e  o f  AE. As t h e  t e m p e r a t u r e  i n c r e a s e s ,  f  d e c r e a s e s
more i f  k ^ 0 th a n  i f  k = 0 .  T h e r e f o r e ,  i f  t h e  v a l u e  o f  AE c a l ­
ls P
c u l a t e d  from an A r rh e n iu s  type  p l o t  o f  eq 1-28 i s  g r e a t e r  th a n  aE^, 
then  kp must n o t  be z e r o .  Thus,  t h e  t e m p e r a t u r e  dependence o f  f^  
i s  a s e n s i t i v e  t e s t  f o r  t h e  p r e s e n c e  o f  g - s c i s s i o n  w i t h i n  th e  p r i ­
mary cage .
There  i s  one a d d i t i o n a l  f a c t o r  t o  c o n s i d e r  b e f o r e  u s in g  
eq 1-26 t o  c a l c u l a t e  f ^ .  We have c a l c u l a t e d  k^ from t h e  v a r i a t i o n  
o f  k 0b sci in  a s e r i e s  o f  n - a l k a n e  s o l v e n t s .  I n h e r e n t  i n  t h e s e  c a l ­
c u l a t i o n s  has been t h e  a ssum pt ion  t h a t  k^ i s  c o n s t a n t  th ro u g h o u t
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t h e  s e r i e s .  Th is  w i l l  be t r u e  on ly  i f  t h e r e  i s  no change i n  t h e  
a b i l i t y  o f  t h e  s o l v e n t  t o  s o l v a t e  e i t h e r  t h e  ground o r  t h e  e x c i t e d  
s t a t e  o f  t h e  s u b s t r a t e .  Evidence t h a t  t h e  n - a l k a n e s  p ro b ab ly  meet 
t h i s  r e q u i r e m e n t  i s  t h e  f a c t  t h a t  t h e  p o s i t i o n  o f  maximum a b so rp ­
t i o n  in  t h e  e l e c t r o n i c  spec t rum  o f  NAT and t h e  s t a b l e - f r e e  r a d i c a l  
d i - p h e n y l p i c r y l h y d r a z y l *  i s  c o n s t a n t  th ro u g h o u t  th e  s e r i e s .  The 
p o s i t i o n  o f  t h e  c a rb o n y l  a b s o r p t i o n  maximum in  t h e  i r  s p e c t r u m o f  
t h e  p e r e s t e r s  i s  a l s o  c o n s t a n t  th ro u g h o u t  th e  s o l v e n t  s e r i e s .
General Results:
We have used  eq 1-22 and eq 1-26 to  c a l c u l a t e  t h e  v a lu e
o f  f  f o r  s e v e r a l  i n i t i a t o r s .  The r e s u l t s  a r e  shown in  Tab le  1-10 . r
Notice that for NAT, acetyl peroxide, and t-butyl peracetate, f 
decreases as the temperature increases. This decrease is to be ex­
pected because the: solvent-becomes more viscous as the temperature 
is lowered.
From t h e  t e m p e r a t u r e  dependence o f  f  , we can de te rm in e  
th e  a c t i v a t i o n  energy  d i f f e r e n c e  shown in  eq 1-28.  We have e v a lu a t e d  
AE f o r  t h r e e  i n i t i a t o r s - ,  b u t ,  because  on ly  two t e m p e r a t u r e s  a re  
a v a i l a b l e  f o r  a c e t y l  p e ro x id e  and _ t -bu ty l  p e r a c e t a t e ,  and because  
t h e  80° p o i n t  was f a r  o f f  t h e  l i n e  c o n n e c t in g  t h e  o t h e r  t h r e e  p o i n t s  
f o r  NAT, we c o n s i d e r  t h e  r e s u l t s  t o  be  only  app rox im a te .  N ev e r th e ­
l e s s ,  t h e  r e s u l t s ,  shown in  Table  1 -11 ,  i n d i c a t e  t h a t  (3-s c i s s i o n  
must be im p o r tan t  f o r  a l l  o f  t h e s e  i n i t i a t o r s  b ecause  E^ - E  ^ i s  
c o n s i d e r a b l y  l a r g e r  th a n  CkE^ .
*This  s t a b l e  r a d i c a l  was chosen  as  a model o f  t h e  e x c i t e d  s t a t e  o f  
t h e  azo i n i t i a t o r s .
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T able  1 -10 . Cage R e t u r n ,  f  , as a F u n c t io n  o f  S o lv en t  and Tempera-
t u r e  f o r  S e v e ra l  I n i t i a t o r s .
I n i t i a t o r S o lv e n t  — °C. f r
j3- NO 2Ph- N=N-CPh3 (NAT) Octane 50 0 .2 5
NAT Octane .6 0 0 . 2 2
NAT Octane 70 0 .2 0
NAT Octane 80 O . I 3
Ph-N=N=CPh3 Octane 60 0 .2 9
CH3CO 2“* OBu** t Octane 100 0 .3 0
CH3CO2- OBii-  t Nonane 130 0 . 1 2
£-N02- PhCH2C02- OBu- Octane 80 0 .2 1
AcOOAc — Octane 60 O.33
AcOOAc " I s o o c t a n e " 80 0 . 2 8
( a )  S o lv e n t  in  which k . , wasobsd
(b)  Ac i s  t h e  a c e t y l  g roup ,  CH
m e asu re d .
3 c = o .
T able  1 -11 .  E s t im a te d  Values  0 £ <ed - from eq 1- 2 8 .
E b
V  — ed “ E- i
I n i t i a t o r  S o lv e n t k c a l / m o l e k c a l / m o le aE -
V
A c e ty l  P e ro x id e  n - o c t a n e 2 .0 6 3-0 I .03
NAT n - o c t a n e 2 .0 6 3 .1 1 .03
t - B u t y l  P e r a c e t a t e  n - o c t a n e 2 .0 6 1 1 . k 1 .03
(a )  E s t im a te d  u s in g  eq 1-28.
(b) From Table  1-5*
( c )  ot = 0 . 5
¥)
A c e ty l  P e ro x id e :  (A D e t a i l e d  S tudy o f  Cage P r o c e s s e s ) :
Cage r e t u r n  i n  a c e t y l  p e r o x id e  has  been  s t u d i e d  by mea­
s u r i n g  t h e  r a t e  c o n s t a n t ,  k , f o r  sc r am b l in g  o f  t h e  0 -1 8  l a b e ls
between t h e  ca rb o n y l  and t h e  p e r o x i d i c  oxygen. In  terms of  th e  
mechanism shown p r e v i o u s l y * ,  t h e  r a t e  c o n s t a n t  f o r  sc ram b l in g  may 
be w r i t t e n  as
k l k - l
k = i— 4 . ,  - i  —  (1 -31)
s |3 D I
The f r a c t i o n  o f  cage  r e t u r n  can be d e te rm ined  from k by u s in gs
e i t h e r  o f , , th e  two fo l l o w i n g  e q u a t i o n s :
f  = k / k ,  ( 1 - 3 2 )r  s 1
f  = (1 + k , , / k  ) - 1  (1 -33)r  obsd s '  v
One consequence  o f  t h e s e  two e q u a t i o n s  t h a t  does n o t  appea r  t o  have
been n o t i c e d  b e f o r e  i s  t h a t  i f  k , , and k a r e  known, th e n  k ,  canobsd s 1
be c a l c u l a t e d .  The v a lu e s  o f  k^ i n  Tab le  1-12 were c a l c u l a t e d  from
M a r t i n ' s  v a lu e  o f  k and our v a lu e  of  k , The s l i g h t  d e c r e a s es obsd
in  k^ f  r o m ' i s o o c t a n d ' t o  o c tad e c an e  i n d i c a t e s  t h a t  our  assum pt ion  
t h a t  k^ would be c o n s t a n t  t h r o u g h o u t  th e  n - a l k a n e s  i s  n o t  e n t i r e l y
c o r r e c t  f o r  a c e t y l  p e r o x i d e .  In  a r e c e n t  p u b l i c a t i o n , 240 M ar t in
assumed t h a t  t h e  r a t e  c o n s t a n t  f o r  gas phase  decom pos i t ion  o f  a c e t y l  
p e r o x i d e ,  k , was equa l  t o  k . . Tab le  1-12 shows t h a t  t h i s  was no t  ag i .
good a ssum pt ion .  (M ar t in  acknowledged t h a t  i t  m ight  n o t  b e ) .  The
*See page 3 5 .
4b
v a lu e  o f  k^ e s t i m a t e d  from eq 1-22 i s  a good ap p rox im a t ion  o f  th e  
average  v a lu e  o f  in  t h i s  s o l v e n t  s e r i e s .
Tab le  1-12: Rate  C o n s ta n t s  in  t h e  Decomposit ion o f  A c e ty l  P e ro x id e .
So lv en t 105k s e c " 1 s 105k , . s e c * 1 obsd 105k ^ s e c “ 1
" i s o o c t a n e 11 4.00 - 7 .28  - 11.3
dodecane 4.68 6 .2 6  - 10 .9
oc tad ecan e 5 .2 5 5 .1 8  £ 10.5
k^ c a l c u l a t e d from v i s c o s i t y d a t a  — 10.11
k gas phase  
§ r a t e  c o n s t a n t 9-75 -
(a )  Values o f  J .  C. M ar t in  and S.  A. Dombchick, r e f .  24c.
(b) Our v a l u e s :  M ar t in  has  r e p o r t e d  k , , i n  i s o o c t a n e  o f  J . 2  x
lO -5 s e c " 1 . 24a 0bsd
(c )  Value e x t r a p o l a t e d  from a p l o t  o f  eq 1-22.
(d) C a l c u l a t e d  from t h e  p l o t  o f  k , , i n  F ig  1 - 3 ; t h e  d a t a  can be
found in  Table  1 -8 .  °  S
(e )  Ref .  20a.
Equa t ion  1-33 can be used  to  c a l c u l a t e  f^  from two d i r e c t l y  m easurab le
r a t e  c o n s t a n t s .  We have used  M a r t i n ' s  v a l u e s  o f  k and our v a lu e s  o fs
k , , to  make t h i s  c a l c u l a t i o n .  The r e s u l t s  a r e  shown in  Tab le  1-13.obsd
The v a lu e s  o f  f  c a l c u l a t e d  from t h e  v i s c o s i t y  d a t a  ag ree  q u i t e  w e l l
w i th  t h e  v a lu e s  de te rm ined  by 0 - l 8  s c r a m b l in g .
I t  i s  r e a s o n a b l e  t h a t  t h e  v a lu e s  o f  £ e s t i m a t e d  by th er  J
v i s c o s i t y  method should  be lower t h a n  t h e  t r u e  v a lu e s  in  t h i s  system.
The v a l u e  o f  k , , used  t o  c a l c u l a t e  t h e  f  v a l u e s ,  was de te rm ined  1 r  ’
from a p l o t  o f  eq 1 -22 ,
1 /kobsd '  1 / k l  + <l ' 22>
^2
which was d e r i v e d  from eq 1- 2 1 ,
I * - *  - 1 D v 1> v D v
+ 1 /k  2. (1 -21)
by assuming t h a t  k was e i t h e r  z e ro  o r  n e g l i g i b l y  sm al l  compared
P
t o  th e  r a t e  c o n s t a n t  f o r  d i f f u s i o n ,  k^ .  The r a t e  c o n s t a n t  f o r  13- 
s c i s s i o n  o f  th e  ace to x y  r a d i c a l ,  k ^ ,  has  been e s t i m a te d  t o  be 
2 .9  x 109 s e c ” 1 a t  80°  which i s  no t  much s m a l l e r  than  t h a t  f o r  
d i f f u s i o n ,  which i s .  about 10“ ^nsec” -1. 1 t
Tab le  1-13: A Comparison o f  f  C a l c u l a t e d  by 0 -18  Scrambl ing  and
t h e  V i s c o s i t y  Method,
S o lv e n t f r (0 - l 8 ) - f  ( V i s c o s i t y )
" i s o o c t a n e " 0.355 0 .2 8
dodecane O.i+28 0.39
oc ta d e c a n e 0 . 5 0  k o .k 9
( a )  C a l c u l a t e d  from eq 1-33*
(b)  E s t im a te d  from eq 1-26 u s in g  th e  v a lu e  of  k^ c a l c u l a t e d  from 
v i s c o s i t y  d a t a .
A compar ison  o f  eq 1-21 and eq 1-22 shows t h a t  i f  k^  i s  no t  
e qua l  t o  z e r o ,  t h e n  a p l o t  o f  eq 1-21 w i l l  le ad  t o  a c a l c u l a t e d  
v a lu e  o f  k^ t h a t  i s  s m a l l e r  t h a n  t h e  t r u e  v a l u e ;  and t h i s ,  in  t u r n ,  
w i l l  l e ad  to  a  c a l c u l a t e d  v a lu e  o f  f  t h a t  i s  e r r o n e o u s l y  low. Thus,  
in  g e n e r a l ,  v a l u e s  o f  f  c a l c u l a t e d  by th e  v i s c o s i t y  method must be 
c o n s id e r e d  to  be minimum v a l u e s . *
*This  a n a l y s i s  o f  t h e  ex p ec ted  e r r o r  i n  £r  i s  based  on th e  assumption  
t h a t  k ^ , k _ ^ ,  and kg  do n o t  change as t h e  s o l v e n t  v i s c o s i t y  i s  
changed .
The t r e n d  toward b e t t e r  agreement between th e  two s e t s  
o f  f  v a lu e s  in  Table  I - I 3 i s  caused  by t h e  v a r i a t i o n  o f  k^ .  The 
v a lu e  o f  e s t im a te d  from th e  v i s c o s i t y  p l o t  i s  lower th a n  th e  
average  v a lu e  of k^ th ro u g h o u t  th e  s o l v e n t  s e r i e s  bu t  i t  i s
c l o s e r  t o  t h e  v a lu e  o f  k^ i n  oc tad e c an e  th a n  to  th e  v a lu e  in  " i s o -
o c t a n e 1.'
We have seen  t h a t  t h e  v i s c o s i t y  method and th e  0 -18  
sc ram b l in g  method can d e te rm in e  t h e  f r a c t i o n  o f  ace toxy  r a d i c a l s  
t h a t  recombine d u r in g  t h e  l i f e - t i m e  o f  t h e  geminate  p a i r .  A 
com bina t ion  o f  t h e s e  two methods a l low s  us t o  .determine t h e  f r a c ­
t i o n  o f  t h e  geminate  p a i r s  t h a t  d i f f u s e  a p a r t  and t h e  f r a c t i o n  
t h a t  decompose by p - s c i s s i o n .
The e q u a t io n  d e f i n i n g  th e  r a t e  c o n s t a n t  f o r  sc ram bl ing
k i k - i  
» -  kD + k _ l  +  k 9
can be r e a r r a n g e d  to  g ive
V ks - 1 + V k.i + V k-i
i n t o  which can  be s u b s t i t u t e d  th e  e q u a t i o n  r e l a t i n g  k^ and v i s c o ­
s i t y ,  eq 1- 1 5 , t o  g ive
k l / k s = 1 +  k S/k - l  + ( L-35)p _ i
This  e q u a t i o n  can be used t o  d e te rm in e  th e  v a lu e  o f  k /k  1 . Note
P “ L
t h a t  k  ^ i s  n o t  a b im o le c u la r  r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n  of 
two ace toxy  r a d i c a l s ,  bu t  r a t h e r  th e  u n im o le c u la r  r a t e  c o n s t a n t  
f o r  t h e  r e a c t i o n  o f  a geminate  p a i r  t o  form a m olecu le  of  a c e t y l
p e r o x i d e .  L ik ew ise ,  k i s  th e  r a t e  c o n s t a n t  f o r  (3 -sc is s ion  o f  th e
P
gemina te  p a i r ;  t h u s ,  i t  i s  tw ice  t h e  v a lu e  o f  t h e  r a t e  c o n s t a n t
f o r  p - s c i s s i o n  o f  an ace toxy  r a d i c a l .
One d i s a d v a n ta g e  o f  eq 1-35 i s  t h a t  k^ must be known.
Some s t u d i e s  d e te rm in e  f  in  such a way t h a t  k,  and k , , a r e  neverr  ■ ' l  obsd
known. Koenig and D e i n z e r , 2sc f o r  example,  d e te rm in e  th e  r a t i o  
kob s d ^ s  d i r e c t l y f rom mass s p e c t r a l  d a t a .
From eq 1-23 and e<l t h e  r a t i o  ^ 0 | jScj / ^ s can shown
to  be
k . j / k  = k / k  + kn / k  ( 1- 3 6 )obsd s p - l D - 1
From t h e  d e f i n i t i o n  o f  k^ i n  eq 1 -2  we can d e r i v e  an e q u a t i o n
s i m i l a r . t o  eq 1-35.
‘obsd*. - V k- i+k
F ig u r e  I - 3  shows a p l o t  o f  eq 1-35 and e q l - 37* From th e  i n t e r ­
c e p t  o f  t h e s e  two p l o t s  we have de te rm ined  t h a t
k Q/ k  . = 0 . 4 8
P “
S in ce  k ^  i s  tw ic e  t h e  r a t e  o f  p - s c i s s i o n  o f  an ace toxy  r a d i c a l ,  
then
k f B - s c i s s i o n  o f  a ce toxy )  = 0 24
k ( r e c o m b in a t io n  o f  a ce toxy )
Now t h a t  k ^ / k   ^ and f^  a r e  known, t h e  r e l a t i v e  impor tance  o f  a l l  
t h e  p r im ary  cage p r o c e s s e s  f o r  a c e t y l  p e ro x id e  can be e s t i m a te d  
from t h e  fo l l o w i n g  e q u a t i o n s .
F ig u re  1- 5. V i s c o s i t y  dependent r a t e  c o n s t a n t s  of a c e t y l  p e ro x id e .  
U n i t s :
k , , s e c -1obsd
Tj/A^ no u n i t s  
Sc a le  f a c t o r :
(T|/Av ) 1 /2  x 1.0
(av / ti) l / 2  x 102
1/k  , , x 10“ 4obsd
k , / k  x 1.0 1 s
k /k  x 1 .0  (k = k , )o s  v o o b sd '
Tempera ture  80° G.
k5

,46
l / f r  -  1 +  kD/ k _ x +  k g/k _ x ( l - 3 8 a)
l / f D -  1 + k _ x/ k D +  k p/k B ( l - 38b>-
1 /£ e -  1 + k_x/ k p +  kD/ k p ( l - 38c)
The r e s u l t s  a r e  shown in  Table  1-14.
Table  1 -14 .  R a t io s  o f  Cage P r o ce s se s  f o r  A ce ty l Pe rox ide a t  80° .
S o lv en t  f r f D f B V k -1 V k- i V kD
" i s o o c t a n e "  O.3 6 0 . 4 7  0 . 1 7  1 .3 4 0 .4 8 0 .3 6
dodecane  0 .4 3 0 . 2 7  0 .2 1  0 .8 6 0 .4 8 0 . 5 6
o c tad e c an e  O . 5O 0 . 2 6  0 . 2 4  0 .5 1 0 . 4 8 0 .9 5
Some d i s c u s s i o n  o f  Tab le  1-14 i s  n e c e s s a r y .  The v a lu e s  
o f  f  were c a l c u l a t e d  by u q ing  eq l -J .J  I and M a r t i n ' s 0 -18 sc ram bl ing  
d a t a .  The v a lu e s  o f  k ^ / k  ^ were de te rm ined  from th e  p l o t s  of  
k ^ / k g , eq 1-35 j o r  ^ o b s d ^ s ’ ec* (Both o f  t h e s e  p l o t s  g ive
th e  same v a lu e  o f  k ^ / k  ^ . ) The a ssum pt ions  i n h e r e n t  i n  eqs 1-35 
and 1-37 a r e  t h a t  k  ^ and k^ remain c o n s t a n t  th ro u g h o u t  t h e  range  
o f  th e  e x p e r im e n t ,  and t h a t  th e  v i s c o s i t y  dependence o f  k^ can be 
e x p re s s e d  as
^  '  W D > ° ‘ 5
The v a lu e s  o f  f  and k ^ / k  , can be used  to  c a l c u l a t e  th e  o t h e r  r  D -1
q u a n t i t i e s  i n  Tab le  1 -1 4 ,  u s in g  eqs l - 3 8 a - c .  A l l  t h e  e n t r i e s  f o r  
each  s o l v e n t  a r e  i n t e r n a l l y  c o n s i s t e n t ,  and they  were d e r iv e d  w i t h ­
o u t  any a p p ro x im a t io n  r e g a r d i n g  t h e  m agni tude  o f  k / k  .
P D
k7
We have p r e v i o u s l y  shown, Tab le  1 - 1 3 j t h a t  eq 1-22 can 
be used to  o b t a i n  a v a lu e  o f  f  t h a t  i s  in  good agreement  w i th  t h e  
v a lu e  o b t a in e d  from 0 -18  s c ram bl ing  d a t a .  However, t h i s  e q u a t i o n
was d e r iv e d  by assuming t h a t  k /k  was sm al l  r e l a t i v e  t o  u n i t y .
P D
The d a t a  in  t h e  l a s t  column o f  Table  1 - l k  show t h a t  f o r  th e  decom­
p o s i t i o n  o f  a c e t y l  p e ro x id e  t h i s  i s  n o t  a v a l i d  a ssum pt ion .  I t  i s  
t h e r e f o r e  q u i t e  s u r p r i s i n g  t h a t  t h e  v a lu e s  o f  f  c a l c u l a t e d  u s in g  
eq 1-22 ag re e  so w e l l  w i th  th e  v a lu e s  o b ta in e d  from 0 -18  s c ram bl ing  
s t u d i e s .  (See Table  I - I 3 . )  This  good agreement cou ld  be due t o  a 
v a r i a t i o n  in  k^ which compensates f o r  th e  e r r o r  i n t r o d u c e d  i n t o
eq 1-22 by t h e  assumption  t h a t  k / k  i s  sm a l l .  I t  i s  a l s o  p o s s i b l e
P D
t h a t  t h e  v i s c o s i t y  range  o f  our  exper im en ts  i s  to o  sm al l  f o r  t h e  
e r r o r  i n t r o d u c e d  by t h i s  a ssum ption  t o  s e r i o u s l y  a f f e c t  e i t h e r  t h e  
l i n e a r i t y  o f  t h e  p l o t  o r  t h e  v a lu e  o f  t h e  i n t e r c e p t  o f  p l o t s  of  
eq 1 -22 .
Using t h e  d a t a  i n  Tab le  1 - l k  and some a d d i t i o n a l  d a t a  on 
th e  y i e l d  o f  cage p r o d u c t s ,  we can c o n s t r u c t  a  q u a n t i t a t i v e  mecha­
nism f o r  th e  decom pos i t ion  o f  a c e t y l  p e r o x id e .
Scheme 1-7
AcO-OAc 
k,
k - lAcOOAc <- k DW W  CA c 0 ' -0 A C ] - ( O t T *  ^
k 4  ( 0 ‘ 17)  V
<T o 7 5 f r  ch? -_-oac
1
(0 . 0 8 )
< / ■ , n V  [CH3 - -CHa] ---- — > 2CH3 -
[2 . 2/,]
In  t h i s  mechanismj a c e t y l  p e ro x id e  decomposes t o  g ive  th e
pr im ary  r a d i c a l  p a i r ,  two ace toxy  r a d i c a l s .  The ace toxy  r a d i c a l
p a i r  then  e i t h e r  r ecom bines ,  k ^ , o r  d i f f u s e s  a p a r t ,  k ^ ,  or  one o f
th e  ace to x y  r a d i c a l s  d e c a r b o x y l a t e s  w i th  r a t e  c o n s t a n t  k  . S ince
P
t h e r e  a r e  two i d e n t i c a l  a ce to x y  r a d i c a l s  w i t h i n  th e  p r im ary  cag e ,  
t h e  t o t a l  r a t e  c o n s t a n t  f o r  d e c a r b o x y l a t i o n  i s  2k^.  The f r a c t i o n  
o f  t h e  r a d i c a l s  i n  t h e  p r im ary  cage  t h a t  r e a c t  by th e  v a r io u s  p r o ­
c e s s e s  i s  deno ted  by t h e  numbers i n  p a r e n t h e s i s  under  th e  a r row s .
From t h e s e  f r a c t i o n s ,  we can c a l c u l a t e  t h a t  th e  t o t a l  y i e l d  o f  
d i f f u s i o n  p r o d u c t ,  f r e e  ace to x y  r a d i c a l s ,  w i l l  be 7 3 - 5$ ,  an<3 t h a t  
t h e  u l t i m a t e  y i e l d  o f  secondary  cages  w i l l  be 2 6 .5 $ .*  M ar t in  has 
r e p o r t e d  t h a t  cage  r e a c t i o n s  produce  a 12 .4$  y i e l d  o f  methy l  a ce ­
t a t e .  This  r e s u l t  r e q u i r e s  t h a t  t h e  f r a c t i o n  o f  secondary  cages  t h a t  
undergo cage  re c o m b in a t io n  t o  be 0 . 4-7 - I t  i s  n o t  r e a s o n a b l e  f o r  
t h e  f r a c t i o n  o f  cage  rec o m b in a t io n  t o  be g r e a t e r  in  t h e  secondary  
cage  th a n  in  t h e  p r im ary  cage  b ecause  t h e  secondary  r a d i c a l  p a i r  
shou ld  be s e p a r a t e d  by a g r e a t e r  d i s t a n c e  th a n  t h e  p r imary  p a i r .
A p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  anomaly w i l l  be d i s c u s s e d  l a t e r .
The f r a c t i o n  o f  t h e  secondary  cages  t h a t  d i f f u s e  a p a r t  
and d e c a r b o x y l a t e  can be e s t i m a t e d  by assuming t h a t  d i f f u s i o n  from 
t h e  secondary  cage  has  t h e  same r a t e  c o n s t a n t  as  d i f f u s i o n  from 
t h e  p r im ary  cage and t h a t  t h e  r a t i o  o f  d e c a r b o x y l a t i o n  t o  d i f f u ­
s io n  i s  t h e  same f o r  b o th  c a g e s .  Th is  can be e x p re s s e d  m a th e m a t i c a l ly
* C a l c u l a t e d  by n o r m a l i z in g  0 . 4 7  and 0 . 1 7  to  100$. For example,  
0 . 4 7 / ( 0 . 4 7  + 0 . 1 7 ) = 7 3 . 5$.
by th e  f o l lo w in g  e q u a t io n s
£P = 0 .4 7  
2f  0 .1 7
f D + f p = ( l  ~ 0 .47 ) .
which can be so lv ed  t o  g ive  t h e  v a lu e s  shown i n  Scheme 1-7* These 
c a l c u l a t i o n s  l e ad  t o  t h e  p r e d i c t i o n  t h a t  on ly  2 .2 $  o f  geminate  
methyl  p a i r s  a r e  formed. This  c o n c lu s io n  i s  in  s e r i o u s  c o n f l i c t  
w i th  M a r t i n ' s  r e p o r t  o f  a 2 .9 $  y i e l d  o f  e th an e  r e s u l t i n g  from r e ­
a c t i o n s  w i t h i n  th e  s o l v e n t  cage .
One e x p l a n a t i o n  f o r  t h e  c o n f l i c t s  d i s c u s s e d  above i s  t h a t  
t h e  v a lu e s  a s s ig n e d  t o  t h e  f r a c t i o n  o f  d e c a r b o x y l a t i o n  from th e  
p r im ary  cag e ,  0 . 1 7 , and th e  secondary  c a g e ,  0 . 0 8 ,  a r e  too  low. 
Another e x p l a n a t i o n  i s  t h a t  no t  a l l  o f  t h e  methy l  a c e t a t e  and e thane  
i s  formed by t h e  r e a c t i o n s  i n d i c a t e d  in  Scheme 1-7* M a r t i n  has  con­
f i rm ed  th e  i n t r a m o l e c u l a r  n a t u r e  o f  t h e  r e a c t i o n  l e a d i n g  t o  e th an e  
and methyl  a c e t a t e  by o b s e r v in g  t h a t  n o t  more th a n  0 . 1 $  o f  t r i d e u -  
t e r i o  c r o s s - p r o d u c t  i s  formed in  t h e  d eco m p o s i t io n  o f  an equimolar  
m ix tu r e  o f  o r d i n a r y  a c e t y l  p e ro x id e  and a c e t y l - d 3 p e r o x i d e .  How­
e v e r ,  methy l  a c e t a t e  cou ld  be formed by th e  r e a c t i o n  o f  two ace toxy  
r a d i c a l s *
0 0 0 
MeC-0- + MeC-0* -* MeC-OMe + C02 AH = - 9 8 .9  k c a l  ( l - a )
and e th an e  cou ld  be formed by a s i m i l a r  d i s p la c e m e n t  r e a c t i o n
*The h e a t s  o f  r e a c t i o n  were c a l c u l a t e d  from d a ta  found in  r e f s .  39
and 43.
i n v o lv in g  a methyl and an ace toxy  r a d i c a l .
0
M
Me* + CH3C-O* -* CsHe + C02 AH = - IO 3 . 2  k c a l  ( i - b )
Thermochemical c a l c u l a t i o n s  r e v e a l  t h a t  t h e s e  two r a d i c a l  d i s p l a c e ­
ment r e a c t i o n s  a re  more exo thermic  th a n  e i t h e r  g - s c i s s i o n  o f  t h e  
ace to x y  r a d i c a l ,
0
Me-C-O* -* Me• + C0S AH = - I 5 k c a l  ( i - c )
o r  t h e  r e c o m b in a t io n  o f  two ace toxy  r a d i c a l s ,
0 0 0
it 11 11
2MeC-0- -• MeCOOCMe AH =.,-30 k c a l  ( i - d )
o r  t h e  reco m b in a t io n  o f  an ace toxy  r a d i c a l  w i th  a methy l  r a d i c a l .
0 0 
MeC-0* + Me* -• MeC-OMe .AH = -8 3  k c a l  ( i - e )
Such thermochemica l  c a l c u l a t i o n s  do n o t  e s t a b l i s h  th e  
e x i s t a n c e  o f  r e a c t i o n s  l a  and l b ,  bu t  e v a l u a t i o n  o f  t h e  AH v a lu e s  
i n  te rms o f  t h e  Hammond p o s t u l a t e 27^ s u g g e s t s  t h a t  t h e  energy  o f  
a c t i v a t i o n  f o r  r e a c t i o n  l a  o r  lb  would be lower th a n  i t  i s  f o r  any 
known cage r e a c t i o n  o f  a c e t y l  p e r o x id e .
t - B u t y l  p e r a c e t a t e :
The decom pos i t ion  o f  j : - b u t y l  p e r a c e t a t e  has  been s t u d i e d  
a t  two t e m p e r a t u r e s .  The r e s u l t s  a r e  shown i n  Tab les  8 and 9> Ap­
pend ix  I ,  and a p l o t  o f  eq 1-22 i s  shown in  F i g .  1-4 .
*The h e a t s  o f  r e a c t i o n  were c a l c u l a t e d  from d a ta  found in  r e f s .  39
and 40.
F ig u re  1- +. The o bse rved  r a t e  c o n s t a n t  o f  _ t -bu ty l  p e r a c e t a t e  as  a 
f u n c t i o n  o f  s o l v e n t  v i s c o s i t y .
U n i t s :
k , , s e c " 1obsd
7)/A no u n i t s  
S c a le  f a c t o r :
( ti/ av ) 1 /2  x 1.0
CH3 13 ° °  l / k o b sd  X  1 0 -3
CH3 100° 1 /k  , , x 10“ 4 3 obsd
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obsd
7
R - C O o - O B u - 16
C H ,  , 1 0 0
5
4
3
2
1
0
0 102 4 6 8
Vo
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Koenig28 has  measured t h e  r a t e  o f  oxygen -18 sc ram b l in g  
f o r  t h i s  i n i t i a t o r  and has c a l c u l a t e d  f  u s i n g  eq 1-33.  We a r e  un­
a b le  t o  make a d i r e c t  compar ison  between our r e s u l t s  and t h e  0 -18  
r e s u l t s  because  Koenig used p a r a f f i n  o i l  (N u jo l )  as h i s  s o l v e n t .
The v a lu e s  o f  t h e  energy  o f  a c t i v a t i o n  f o r  v i s c o u s  flow
and t h e  A rrhen ius  p r e e x p o n e n t i a l  shown in  Table  1-5 d r a m a t i c a l l y  
emphasize  t h a t  Nujo l i s  n o t  ve ry  s i m i l a r  t o  th e  n - a l k a n e s .  K ie f e r  
and T r a y l o r  have observed  t h a t  t h e  r a t e  of decom pos i t ion  o f  d i - t >  
b u t y l  h y p o n i t r i t e  (DBH) i s  25$ f a s t e r  i n  N ujo l  th a n  in " i s o o c t a n e V . 
They e x p l a i n  t h i s  d i f f e r e n c e  in  te rms  o f  s o l v e n t  s t a b i l i z a t i p n  o f  • 
DBH by " i s o o c t a n e "  i n  eXcps&.of t h a t  p rq v id e d  by N u j o l . *
N e v e r t h e l e s s ,  we have  de te rm ined  in  p a r a f f i n  o i l ^
and used  t h e  v a lu e  of  k .  i n  t h e  n - a l k a n e s  t o  e s t i m a t e  f  . Table1 r
1-15 shows comparison between our  r e s u l t s  and K o e n ig ' s .  The a g r e e ­
ment i s  q u i t e  poor .
Table  1-15- A Comparison o f  th e  Values  o f  f  f o r  _t-Butyl P e ra c e ­
t a t e  as Determined by Oxygen-18 Scrambl ing  and th e  
V i s c o s i t y  T e s t . _________________________________________
Method 100° ---------------i f e r I2bu
oxygen-18 0 . 4 2 0 .3 0 0 .3 3
v i s c o s i t y 0 . 6 7  ■ 0 . 4 7 -------
*DBH i s  presumed to  decompose by a c o n c e r t e d mechanism so i t s  r a t e
c o n s t a n t  f o r  deco m p o s i t io n  should  n o t  be  i n f l u e n c e d  by t h e  change 
in  v i s c o s i t y  f r o m ' l s o o c t a n e " t o  N u jo l .
fWe would l i k e  t o  e x p re s s  ou r  a p p r e c i a t i o n  to  P r o f e s s o r  Koenig f o r  
a sample o f  th e  p a r a f f i n  o i l  used i n  h i s  e x p e r im e n t s .
53
Because o f  t h e  h ig h  t e m p e ra tu re  a t  which t h i s  p e r e s t e r  
was decomposed, i t  i s  l i k e l y  t h a t  a c o n s i d e r a b l e  f r a c t i o n  of  t h e  
geminate  r a d i c a l s  i s  b e in g  d e s t r o y e d  by 3 - s c i s s i o n .  We have c a l ­
c u l a t e d  t h e  r a t e  c o n s t a n t  f o r  p - s c i s s i o n  o f  t h e  ace toxy  r a d i c a l ,
k , from th e  A r rh e n iu s  p a ra m e te r s  r e p o r t e d  by E i r i c h 25 The r e s u l t s  
P
a re  shown in  Table  1-16.
Table  1 -16 .  The Rate C ons tan t  f o r  (3-Sciss ion o f  t h e  Acetoxy R ad ica l ,
Temp.°C 10“ 9k s e c - 1 
6
60 1 .6
80 2 .9
100 b .8
130 9 - b
(a )  C a l c u l a t e d  from t h e  e q u a t i o n  k = 5*5 x 1013e x p ( -6 6 0 0 /R T ) .
The u n c e r t a i n t y  in  t h e  v a lu e s  o f  k ^  should  be c o n s id e r e d  to  be about 
a f a c t o r  o f  10. E i r i c h ' s  e s t i m a t i o n  o f  th e  A r rh e n iu s  p a ra m e te r s  r e ­
q u i r e d  t h a t  he choose  approx im a te  v a lu e s  f o r  th e  c o l l i s i o n  d ia m e te r  
o f  a methy l  r a d i c a l ,  t h e  r a d i u s  o f  a methy l  r a d i c a l  and th e  r a d i u s  
o f  an ace toxy  r a d i c a l .  There  a r e  o t h e r  e s t i m a t e s  o f  E^ f o r  t h i s  r e ­
a c t i o n .  Szwarc21 e s t i m a t e d  i t  to  be 5«0 k c a l / m o l e ,  and J .  C. M a r t i n 244* 
has  r e c e n t l y  e s t i m a t e d  i t  t o  be 8 .0  k c a l / m o l e .
The r a t e  c o n s t a n t  f o r  d i f f u s i o n  from th e  cage  i s  g e n e r a l l y  
e s t i m a t e d  t o  be about  1010 s e c - 1 . The v a lu e s  in  Table  1-16 i n d i c a t e
t h a t  k i s  about h a l f  t h i s  v a l u e  a t  100°  and n e a r l y  i d e n t i c a l  w i th  
P
i t  a t  I 3O0 .
; .5A
We have a l r e a d y  seen t h a t  t h e  o c c u r r a n c e  o f  ^ - s c i s s i o n  
w i l l  cause  t h e  v i s c o s i t y  t e s t  t o  p r e d i c t  a v a lu e  o f  f  t h a t  i s  
s m a l l e r  t h a n  t h e  t r u e  v a l u e .  Tab le  1-15 shows t h a t  t h e  d i s c r e p ­
ancy we ob se rv e  i s  in  th e  o p p o s i t e  d i r e c t i o n .  Th is  r e s u l t  l e ad s  us 
t b  corupludei t h a t  i s  imaohiisijialler i n  Nujo l th a n  in  t h e  a l k a n e s .
S h is  c o n c lu s io n  i s  c o n s i s t e n t !  w i th  the 'O bserved :  d e c r ea se - . in  kiji f o r  
a c e t y l  p e ro x id e  t h a t  i s  e v i d e n t  i n  T ab le  1-12.
t - B u t y l  P h e n y l p e r a c e t a t e :
This  i n i t i a t o r  was excluded  from t h e  g e n e r a l  d i s c u s s i o n  
o f  t h e  d e t e r m i n a t i o n  of  f  because  o f  i t s  s c h i z o p h r e n ic  n a t u r e .
We would l i k e  t o  su g g es t  t h a t  t h e  observed  r a t e  c o n s t a n t  f o r  t h i s  
i n i t i a t o r  i s  composed o f  two p a r t s .
kobsd k lb  "** k 2b
k l kDk . , =   T " . + k ou U - 3 9 )obsd I D
The r a t e  c o n s t a n t s  r e f e r  t o  t h e  fo l l o w i n g  p r o c e s s e s .
k lPhCH2C02-OBu-t --    [PhCH2C02 -OBu-t]  -------> f r e e  r a d i c a l s
k - l
PhCH2C02-OBu-t — — > [PhCH2 ° ° 2 • OBu-t]
S ince  only  t h e  one-bond p o r t i o n  o f  i-s v i s c o s i t y  d e p en d e n t ,  a
p l o t  o f  v e r s u s  ( 7]Mv ) a  ^ as no meaning and f  f o r  t h i s  i n i t i a t o r
cannot  be d i r e c t l y  d e te rm in e d .  I f  an e s t i m a t e  o f  k ^  cou ld  be ob­
t a i n e d ,  th e n  kQk scj cou ld  be a n a ly z e d  i n  t h e  fo l l o w i n g  manner .
3 $
kobsd k2b
kobsd
1
k 2b
l / k L + (k _ 1/ADk 1 )(Tl/Av ) 1 /2  (1-ltO)
I t  should  be p o s s i b l e  t o  e s t i m a t e  k ^  from a Hammett p l o t
o f  s u b s t i t u t e d  p h e n y l p e r a c e t a t e s . .  F ig u r e  1-5 i l l u s t r a t e s  th e  
method. I t  i s  t r u e  t h a t  on t h i s  graph one s a t i s f a c t o r y  l i n e  can be 
drawn th rough  a l l  t h e  p o i n t s .  This  was done by B a r t l e t t  and 
R ucha rd t3 , b u t  s i n c e  t h e s e  i n i t i a t o r s  do n o t  a l l  decompose by th e  
same mechanism* such a l i n e  has no meaning. The two-bond i n i t i a ­
t o r s  g ive  a Hammett c o r r e l a t i o n  w i th  p+ = - 1 . 0 . 3 T h e r e f o r e ,  the  
i n i t i a t o r s  a t  t h e  l e f t  s i d e  o f  F i g .  I -5  should  f i t  a l i n e  w i th  
s lo p e  o f  about - 1 . 0 .  C e r t a i n l y ,  t h e  one-bond i n i t i a t o r s  w i l l  g ive  
a s m a l l e r  p+ s i n c e  t h e  s u b s t i t u e n t s  a r e  n o t  c o n ju g a t e d  w i th  t h e  
f r e e  r a d i c a l  s i t e .  The p+ f o r  benzoy l  p e ro x id e  i s  - 0 . 4 2 7 a , t h e r e ­
f o r e ,  p+ f o r  t h e  one-bond i n i t i a t o r s  a t  t h e  r i g h t  s i d e  o f  F i g .  1-5 
should  l i e  between 0 . 0  and -O .k .
A f t e r  th e  s lo p e s  o f  t h e  one-bond and t h e  two-bond l i n e s  
have been e s t a b l i s h e d ,  t h e  v a lu e  o f  k ^  and o f  k^ can be d e te rm in ed .  
S ince  a p l o t  o f  eq 1-ijO shou ld  a l s o  y i e l d  a  v a lu e  o f  k ^ ,  i t e r a t i v e :  
c a l c u l a t i o n s 7 can be used t o  choose a c o n s i s t e n t  s e t  o f  v a lu e s  f o r
r e q u i r e d  b e f o r e  t h e  a n a l y s i s  o f  t h i s  system can be com ple ted .  Work
k ^  an<3 k p
Another one-bond i n i t i a t o r  w i th  a o+ g r e a t e r  than  0 . 8  i s
*Some o f  them have a  t h a t  i s  v i s c o s i t y  dependent  and some do
F ig u r e  I - 5 A plot of the Hammett equation for para substituted 
t-butyl phenylperacetates.
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on this problem is being continued. The preliminary results in­
dicate that 29% of the _t-butyl phenylperacetate decomposes by one- 
bond homolysis and that 25% of the geminate pairs generated by 
this one-bond homolysis recombine within the cage. This interpre­
tation of the viscosity data and the Hammett data for these per- 
esters can be used to reconcile the conclusion of Bartlett,26 
Koenig,28 and Newman29 that j>butyl phenylperacetate is a two- 
bond initiator with the viscosity data which seem to indicate 
that it is a one-bond initiator.
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ACTIVATION PARAMETERS AS A TEST FOR CONCERTED DECOMPOSITION:
In 1958 j B a r t l e t t  and H i a t t  p u b l i s h e d  a p ap e r  e n t i t l e d
"Concer ted  Decomposit ion i n  t - B u t y l  P e r e s t e r s . "  They s t u d i e d  a
s e r i e s  o f  e l ev e n  p e r e s t e r s  and made t h e  f o l l o w i n g  s t a t e m e n t . 263
"Taking i n t o  c o n s i d e r a t i o n  th e  n a t u r e  o f  th e  
s t a b i l i z a t i o n  which can  r e n d e r  a s s i s t a n c e  i n  
th e  c o n c e r t e d  d eco m p o s i t io n ,  each  p e r e s t e r  o f  
t h i s  s e r i e s  can be a s s ig n e d  a number from 0 
to  5 c o r r e s p o n d i n g  t o  t h e  number o f  bonds 
which may r o t a t e  f r e e l y  in  t h e  s t a r t i n g  m a te r ­
i a l ,  bu t  which must be in  a p a r t i c u l a r  c o n f o r ­
m a t ion  a t  t h e  t r a n s i t i o n  s t a t e . "
$ $I t  was then  shown t h a t  a graph  o f  AS v e r s u s  AH f o r  t h e s e  p e r ­
e s t e r s  can be d i v i d e d  i n t o  domains c o n t a i n i n g  i n i t i a t o r s  o f  
on ly  one t y p e ,  and t h e  a u t h o r s  made th e  f o l lo w in g  o b s e r v a t i o n .
" I n  view o f  t h e  f a c t  then  t h a t  t h e s e  numbers 
o f  f r o z e n  bonds r e p r e s e n t  s i m p l i f i c a t i o n s  
f o r  d i s c u s s i o n a l  p u r p o s e s ,  i t  i s  a l l  t h e  
more rem ark ab le  t h a t  t h e s e  fo u r  c l a s s e s  o f  
p e r e s t e r s  l i e  i n  m u tu a l ly  e x c l u s i v e  r e g io n s  
as  t o  b o th  e n th a l p y  and en t ro p y  o f  a c t i v a t i o n . "
The r e l a t i o n s h i p  be tween a c t i v a t i o n  p a r a m e te r s  and r e ­
s t r i c t e d  r o t a t i o n s  i n  th e  t r a n s i t i o n  s t a t e  has  been ex tended  by 
some workers  t o  a r e l a t i o n s h i p  between a c t i v a t i o n  p a ra m e te r s  and 
t h e  number o f  bonds b r e a k i n g  i n  t h e  t r a n s i t i o n  s t a t e .
For example,  M. M. M a r t in 31 has  s t a t e d  t h a t ,
" P e r e s t e r s  which decompose by a mechanism in  
which t h e r e  a r e  no r o t a t i o n a l  r e s t r i c t i o n s  
in  t h e  t r a n s i t i o n  s t a t e ,  as i s  th e  c a s e  i n  a
n o n -c o n c e r t e d  decom pos i t ion  . . .  a r e  a s s o c i a t e d  
w i th  v a lu e s  o f  AH* g r e a t e r  than  35 k c a l /m o le  
and As* g r e a t e r  th a n  13 e . u .  On t h e  o t h e r  
hand , p e r e s t e r s  which decompose by a mechanism 
in  which t h e  r o t a t i o n  o f  one bond i s  r e s t r i c t e d  
a t  t h e  t r a n s i t i o n  s t a t e ,  as i s  t h e  c a se  i n  a 
c o n c e r t e d  decom pos i t ion  . . .  a r e  a s s o c i a t e d  w i th  
v a lu e s  o f  AH* between 30 and 35 k c a l / m o le  and 
AS- between 6 and I 3 e . u . "
In  a r e c e n t  communicat ion,  J .  P. Lorand made a s i m i l a r  
c o r r e l a t i o n  between c o n c e r t e d  decom pos i t ion  and a c t i v a t i o n  p a r a ­
m e te r s  . 32
"We t ak e  advan tage  o f  t h e  w el l -documented  
c o n c e r t e d  two-bond s c i s s i o n  o b t a i n i n g  when­
e v e r  . . .  AH* s: 32  k c a l / m o le  and AS* £ 11 e . u . "
I t  appea rs  t h a t  t h e  B a r t l e t t - H i a t t  t e s t  i s  be ing  used  f o r  
a p u rpose  f o r  which i t  was n o t  o r i g i n a l l y  i n t e n d e d .  I t  i s  n e c e s ­
s a r y  t o  re -exam ine  th e  t e s t  t o  see  i f  t h i s  e x t e n s i o n  of  t h e  o r i ­
g i n a l  i d e a  i s  v a l i d  and t o  see  i f  t h e  t e s t  can cope w i th  th e  l a r g e r  
number o f  i n i t i a t o r s  a v a i l a b l e  today .
Table  1-17 shows a s e r i e s  o f  i n i t i a t o r s  w i th  h a l f - l i v e s
a t  60° r a n g in g  from 1 min t o  10 7 min.  F ig u r e  1-6 i s  a graph
of  t h e  AH* and AS* v a lu e s  f o r  t h e s e  i n i t i a t o r s .  The r e c t a n g l e s  
l a b e l e d  0 ,  1, 2,  and 3 a r e  t h e  r e g i o n s  d e s i g n a t e d  by B a r t l e t t  and 
H i a t t  as c o n t a i n i n g  p e r e s t e r s  which had 0 ,  1, 2 ,  and 3 bonds r e ­
s t r i c t e d  in  t h e  t r a n s i t i o n  s t a t e .  N o t i c e  t h a t  t h e  s u b s t i t u t e d  
t - b u t y l  p e r b e n z o a t e s , h a -h e ,  ex tend  th ro u g h o u t  most o f  t h e  top
two r e c t a n g l e s .  They should  a l l  be in  r e g io n  one.  We c o u ld ,  of
T ab le  1- 17- C o lle c te d  K in e t ic  D ata  on P e r e s t e r s  and P e ro x id e s .
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I n i t i a t o r
AH*
k c a l/m o l
AS*
c a l /d e g h / 2  f  600m in . R e f.
1 _ t-b u ty l p e ro x id e 37-8 13 .8 1 0 ,0 0 0 ,0 0 0 C
2 a c e ty l  p e ro x id e 32.3 14.4 2,550 a
3 b en zo y l p e ro x id e  
R in  t-BuOgCOR
32 .7 43.3 6,000 c
4 Phenyl 33-5 7-8 30,000 c
ha pheny l 36.3 14.4 769 ,000 e
4b £ -C l-P h 3 8 .9 2 0 .6 1 ,7 0 0 ,0 0 0 e
4c £ -  NO 2- Ph 5 8 .6 1 8 .3 3 ,5 0 0 ,0 0 0 e
4d £-MeO-Ph 3 ^ .7 11 .4 311,000 e
4e £-M e-Ph 33-7 8 .3 326 ,000 e
5a ch3 38.O 17 .0 2 ,7 0 0 ,0 0 0 c
5b ch3 39 .4 24 .6 500,000 a
5c Et 33-3 8 .7 196,000 f
6 i - P r 3 1 .8 9-4 9 ,7 0 0 a
7 t-B u 3 0 .0 11 .1 300 a
8a £-N 02-PhCH2 2 9 .8 4 .4 5 ,^5 0 b
8b m-Cl-PhCH£ 2 9 .4 ^•3 3 ,7 0 0 b
8c £-C l-PhC H 2 2 8 .0 2 .0 1,400 b
8d m-MeO-PhCHa 2 9 .2 5-3 1 ,650 b
8e PhCHg 27.9 2 .0 1 ,100 b
8 f £-CH3-PhCHs 26.5 - 0 .3 470 b
8g £-MeO-PhCH2 2 5 .2 0 .0 115 a
9 J:-BuC03 25.5 5 .1 6 .5 d
10 PhCHgOCO 2 6 .6 ^■5 46 d
11 p-N0s PhCHs 0C0 27-9 6 .8 113 d
12 t -  BuOCO 24.0 2 .5 2 .6 a
13 PhCHMe 27.0 4 .6 85 a
14 PhCMe 2 26.1 5 .8 12 a
15 PhgCH 25.O 0 .5 37 a
16 PhgCMe 24.1 4 .9 6 a
17 Ph3C 24.1 4 .9 1 a
18 Ph-CH(CH=CH2 ) 2 3 .0 - 1 .1 4 c
19 Ph-CH=CH-CH2 2 3 .5 - 5-9 100 c
20 CCI3 3 0 .3 9 -4 970 c
( a )  J .  P. I .o ran d , Ph.D . T h e s is ,  H arvard  U n iv e r s i ty ,  C am bridge, M a ss ., 1964 .
(b )  P . D. B a r t l e t t  and C. R u c h a rd t, J .  Am. Chem. S o c . , 8 2 , 1756 ( i9 6 0 ) .
( c )  P . D. B a r t l e t t  and R. R. H i a t t ,  i b i d . . 8 0 , I398  ( 1958) .
(d )  P . D. B a r t l e t t  and R. E. P in c o c k , i b i d . , 8 2 , I769  ( i9 6 0 ) .
( e )  A. T . B lom qu ist and I .  A. B e r n s te in ,  i b i d . , 7 5 , 55^6 ( 4951)*
( f )  James P. S ta n le y ,  L o u is ia n a  S ta te  U n iv e r s i ty ,  p e r s o n a l  com m unication  ( I 9 6 8 ) .
Figure 1-6 .  A plot of the Eyring activation parameters for a col­
lection of peresters and peroxides.
Explanation of symbols:
Q  one-bond initiator
A two-bond initiator (Bartlett-Hiatt test only)
H  two-bond initiator (two or more independent
methods)
o conflict
□  three bonds restricted or three-bond initiator
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(2) 8dA16 A l 7
13 8 b A C 5 8 e
8e O  A  8c
“ 9 ■  81
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c o u r s e ,  make r e g io n  ( l ) '  l a r g e  enough t o  i n c lu d e  a l l  o f  t h e  p e r -  
be n zo a te s  bu t  t h a t  would cause  t h e  p o i n t  f o r  t - b u t y l  p e r a c e t a t e ,
5a and 'pb, to  be in  e i t h e r  r e g io n  ( 1 ) o r  r e g io n  ( 2 ) ,  depending  on 
which s e t  o f  d a t a  i s  u sed .  Note t h a t  bo th  s e t s  o f  d a t a  f o r  t h i s  
i n i t i a t o r  were d e te rm ined  in  t h e  same l a b o r a t o r y .
The i n i t i a t o r s  w i th  3 r e s t r i c t e d  r o t a t i o n s ,  15 th rough  
1 9 , c anno t  be p la ce d  in  a p r i v a t e  domain w i th o u t  i n c l u d i n g  some 
i n i t i a t o r s  t h a t  can have on ly  two bonds r e s t r i c t e d ,  8g and 1 2 .
The obvious c o n c lu s io n  i s  t h a t  t h e  number of  r e s t r i c t e d  
r o t a t i o n s  in  t h e  t r a n s i t i o n  s t a t e  o f  t h e  p e r e s t e r s  in  Table  1-17 
canno t  be de te rm ined  from an exam ina t ion  o f  a c t i v a t i o n  p a r a m e te r s .  
C l e a r l y  t h e n ,  i t  i s  a l s o  im p o s s ib le  to  d e te rm in e  th e  number o f  
bonds b r e a k in g  in  th e  t r a n s i t i o n  s t a t e  u s in g  t h i s  t e s t .  For  ex­
ample ,  _ t -bu ty l  peroxyaxylate  i s  t h e  only  i n i t i a t o r  i n  F ig .  1-6 
t h a t  has  been r e p o r t e d  t o  decompose by t h r e e - b o n d  c l e a v a g e , 33 and 
i t  occu rs  i n  t h e  m id s t  o f  a group o f  two-bond i n i t i a t o r s .
There  a r e  two f a c t o r s  t h a t  could  l i m i t  t h e  acc u ra cy  of 
th e  B a r t l e t t - H i a t t  t e s t ;  th e  f i r s t  o f  t h e s e  i s  th e  s o l v e n t  e f f e c t .  
In  1954, L e f f l e r 3 4  showed t h a t  t h e  a c t i v a t i o n  p a r a m e te r s  f o r  t h e  
i n i t i a t o r  p h e n y la z o t r ip h e n y lm e th a n e  a r e  ve ry  s o l v e n t  dependen t .  
For example:
Ah * As *
S o lv e n t  k c a l / m o le  e . u .  10^
c h lo robenzene  2 8 .3  1 1 .4  3*56
cyc lohexane  24 .5  - 1 .1 6  4 .2 2
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  t h i s  change i n  s o l v e n t s  
d id  no t  s i g n i f i c a n t l y  change th e  r a t e  c o n s t a n t .  This  p ro b a b ly  r e ­
s u l t s  a t  l e a s t  p a r t l y  b ecau se  t h e  e r r o r s  i n  t h e  a c t i v a t i o n  p a r a ­
m e te r s  a r e  c o r r e l a t e d .  This  might  l ead  one t o  s u sp e c t  t h a t  r a t e  
c o n s t a n t s ,  r a t h e r  t h a n  a c t i v a t i o n  p a r a m e t e r s ,  would be more r e l i ­
a b l e  f o r  u se  in  c l a s s i f y i n g  i n i t i a t o r s .
I t  i s  d i f f i c u l t  t o  f i n d  d a t a  on s o l v e n t  e f f e c t s  on t h e  
decom pos i t ion  o f  p e r e s t e r s  and p e r o x id e s  t h a t  can be s e p a r a t e d  
from th e  e f f e c t s  o f  induced  d e co m p o s i t io n .  Blomquis t  has  shown 
t h a t  t - b u t y l  p e r b e n z o a te  does no t  undergo induced decom pos i t ion  in  
a ro m a t ic  s o l v e n t s , 35  and he r e p o r t e d  t h e  k i n e t i c  p a ra m e te r s  shown 
below. N o t ic e  t h a t  t h e  g u i d e l i n e s  s e t  f o r t h  by M. M. M a r t i n  roakfcu 
t h i s  p e r e s t e r  appear; to  decompose by a n o n - c o n c e r t e d  mechanism-in  
phenyl  e th e y  and by a ; c o n c e r t e d  mechanism in  ^ - c h l o r o f o l u e n e .
AH* AS*
 S o lv e n t   k c a l / m o l e  e . u .
phenyl  e t h e r  37*5  I 5 .8
£ - c h l o r o t o l u e n e  33*5  7«8
The deco m p o s i t io n  o f  _ t -bu ty l  p e r o x i d e  i s  o f t e n  c i t e d  as 
t h e  c l a s s i c  example o f  t h e  i n s e n s i t i v i t y  o f  r a d i c a l  r e a c t i o n s  to  
s o l v e n t  changes b ecau se  i t  o ccu rs  a t  n e a r l y  t h e  same r a t e  i n  th e  
gas phase  and in  a wide range  o f  s o l v e n t s .  I t  i s  now c l e a r  t h a t  
t h i s  i n s e n s i t i t i v y  i s  n o t  due t o  a l a c k  o f  s o l v e n t  e f f e c t s ,  b u t  t o  
t h e  f a c t  t h a t  th e  i s o k i n e t i c  t e m p e ra t u re  f o r  t h i s  i n i t i a t o r  i s  ex­
t r e m e ly  low, 164° C .3S The a c t i v a t i o n  p a r a m e te r s  f o r  t h i s  i n i t i a t o r  
a r e  s e n s i t i v e  t o  s o l v e n t  changes :
6U
AH* AS*
S o lv e n t  k c a l / m o le  e . u .
benzene  35*3  7 »9 &
cyclohexane  lQ .8  2 1 .1
These a r e  c e r t a i n l y  extreme c a s e s ,  bu t  they  p o i n t  out one 
i n t r i n s i c  l i m i t a t i o n  o f  t h e  B a r t l e t t - H i a t t  t e s t .  Even s u b t l e  s o l ­
v e n t  e f f e c t s  cou ld  e a s i l y  b l u r  t h e  d i f f e r e n c e s  be tween th e  a c t i v a ­
t i o n  p a r a m e te r s  o f  some i n i t i a t o r s .
One o t h e r  f a c t o r  t h a t  l i m i t s  t h e  u s e f u l n e s s  o f  t h e  B a r t l e t t -  
H i a t t  t e s t  i s  t h e  e r r o r  in v o lv e d  in  d e te r m in in g  AH* and AS*. Two 
r e c e n t  communications  g ive  c o n f l i c t i n g  v a lu e s  f o r  t h e  a c t i v a t i o n  
p a ra m e te r s  f o r  t h e  decom pos i t ion  o f  j : - b u t y l  p e r p i v a l a t e  i n  cumene:
AH* AS*
 Source____________  k c a l / m o le  e . u .
Lorand, e_t. a l . 3S  2 J .6  +5 .6
F o r t ,  et:. a l . 37  25 .5  “ 2 .9
C o n s id e r in g  t h e s e  l i m i t a t i o n s ,  t h i s  a u th o r  f e e l s  t h a t  t h e  
most r e s t r i c t i v e  c l a s s i f i c a t i o n  t h a t  can be made by t h e  B a r t l e t t -  
H i a t t  t e s t  i s  t h a t  p e r e s t e r s  w i th  AH* above 33 k c a l / m o le  p robab ly  
decompose by s im ple  one-bond homolys is  and th o s e  w i th  AH below 
about  27  k c a l / m o le  p ro b a b ly  decompose by a  c o n c e r t e d  mechanism.
This " s lo p p y "  i n t e r p r e t a t i o n  o f  t h e  B a r t l e t t - H i a t t  t e s t  does no t  
a l lo w  a l l  i n i t i a t o r s  t o  be "p ig e o n -h o le d "  i n t o  d i s t i n c t  c l a s s e s  as 
has  been common p r a c t i c e  in  t h e  p a s t .  I t  seems more l i k e l y  t h a t  
t h e r e  i s  a continuum o f  i n i t i a t o r  t y p e s ,  b e g in n in g  w i th  t h o s e  t h a t  
a lways decompose by one-bond homolys is  and moving on t o  two- and
three-bond initiators. However, this continuum could include some 
initiators that decompose by a combination of two paths.
There is certainly nothing unacceptable about an initiator 
decomposing by two or more paths. For example, many peresters de­
compose by both a free radical and an ionic mechanism, and DeTar38 
has proposed a mechanism that includes simultaneous one- and two- 
bond decompositions to explain the product distribution in the de­
composition of 6-phenylvaleryl peroxide.38 Appendix II shows how 
the partition between two reaction paths is affected by changes in 
the energy, enthalpy, and entropy of activation.
In  a d d i t i o n  t o  t h e  p a r a - s u b s t i t u t e d  p h e n y l p e r a c e t a t e s  
a l r e a d y  d i s c u s s e d ,  c o n s i d e r  t h e  s e r i e s  o f  p e r e s t e r s  w i th  R, in  
t-BuC>2C0R, equa l  t o  m e th y l ,  e t h y l ,  i s o p r o p y l  and _ t -b u ty l .  The 
methy l  p e r e s t e r  i s  a one-bond i n i t i a t o r  and th e  J : - b u ty l  p e r e s t e r  
i s  a two-bond i n i t i a t o r .  There i s  a p o s s i b i l i t y  t h a t  t h e  i s o p r o p y l  
compound cou ld  decompose by b o th  p a t h s .  I f  t h e r e  were a d i s t i n c t  
change from one-bond t o  c o n c e r t e d  d e com pos i t ion  in  t h i s  s e r i e s ,  
t hen  i t  should  be ev idenced  by a  d i s c o n t i n u o u s  i n c r e a s e  i n  t h e  de ­
c o m p o s i t io n  r a t e  c o n s t a n t .  T ab le  1-18 shows no d i s c o n t i n u i t y .  As 
each hydrogen o f  t h e  methy l  p e r e s t e r  i s  r e p l a c e d  by a methy l  g roup ,  
t h e  h a l f - l i f e  d e c r e a s e s  by a f a c t o r  o f  about 2 5 «
Table  1 -18 . The H a l f - l i f e  o f  M ethyl S u b s t i t u t e d  P e r a c e t a t e s .  —
R i n  Jr-BuO^OR r e l  t l / 2 ^60°^
ch3- 1600
MeCH2- 65O
Me2CH- 32
Me3C- 1
(a )  C a l c u l a t e d  from t h e  d a t a  i n  Table 1-17.
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APPENDIX I  
SUMMARY OF DATA 
The u n i t s  o f  a l l  r a t e  c o n s t a n t s  a r e  s e c - 1 . The e n t r y  
l a b e l e d  " i n t e r c e p t "  r e f e r s  t o  t h e  i n t e r c e p t  o f  a p l o t  o f  1 /k  ^ ^
1 /pv e r s u s  (T]/Av )
Table  1
p -N i t r o p h e n y la z o t r ip h e n y lm e th a n e  50°
n - a l k a n e  105k , . 10~4( l / k  , J  ( T|/A ) L^2_________  obsd o b sd '  1 v
0 5 3 .6 0 0 2.778 . 2 .867
Oe 2.T50 3 .6 3 6 3*553
Cy 2 . 1+16 4.139 ; 4 .2 5 7
C9 2.200 4.545 5.871
C10 2 .0 1 7 4.958 6 ,977
C12 1.933 5.173 8 /7 4 4
C14 1.866 5-359 10 .833
C ie 1.716 5 .828 1 2 .6 3 4
i n t e r c e p t 3 . 3 IO
Table  2
p -N i t r o p h e n y la z o t r ip h e n y lm e th a n e  60°
n - a l k a n e  104k , , 10_ 4 ( l / k  , ,) ( Tl/A   obsd   obsd v 1 v '
C5 1.280 O.78I 2.765
^6 1.195 O.836 3.411
Cy 1.043 0.959 4.076
ce 1.015 0.985 4.747
C9 0.9900 1.010 5.569
C10 0.9988 1.001 6.530
Cl 2 0.9166 1.091 8.175
C l 4 0.8800 1.136 10.03b
C16 0.8133 1.230 11.600
C is 0.7780 1.285 13.361
i n t e r c e p t 0.734
JO.
IX
T ab le  3
£ -N i t r o p h e n y la z o t r ip h e n y lm e th a n e  70°
1 /p
n - a lk a n e  l O ^  , , 10"3 ( l / k  , ) ( T)/A )obsd o b s d '  '  1 v '
c 7 3.900 2.564 3.906
ca 3.650 2.740 4.534
c9 3.710 2.691 5.297
c 10 3-330 2.985 6.186
c 12 3.250 3.007 7.679
c 14 3.116 3.209 9.350
C1S 2.966 3.372 10.730
C1S 2.783 3-593 12.270
i n t e r c e p t  2 .1 6 7
k, 4 .614  x 10"4
Table  4
P h e n y la zo t r ip h e n y lm e th an e  60°
1 /p
* - a lk an e  1Q4kobsd i o ~3 ( i / kobSd) ( v y
C6 7.60 1.32 3-411
c7 6.60 1.52 : 4.076
ca 6.41  1.56 4*747
c io  5.72  1.75 6.530
c ia  5.35  1-87 8.175
c 14 4.99 2.00 10.034
c 16 4.76 2.10 11.600
i n t e r c e p t  1.10
72
T ab le  5
A ce ty l  P e ro x id e  60° —
n -a lk a n e  1 0 ^  10~5( l / k  , ,)_________  obsd   v obsd '
c 6 l .h  2 . 9 4
cs 2.9 3.45
C12 2.3 4.35
c 14 2.0 5.00
c is  1.9 5-26
intercept 2.28
a. Data of F. R. Eirich, et. al.25
Table 6
Acetyl Peroxide 80°
n-alkane 105k , , 10"4(l/k , ,)________ obsd v obsd'
C7 7 .77  1-28
C8 7-28 1 .3 7
c 10 6.92 1.46
C12 6.26 1.60
c 14 6.01 1.66
c is  9 ' k k  1.84
intercept O.9896
( W K ) 1 / S
3-41
4.75
8 .17
10.03
13.36
(H/Ay ) 1 /g
3 .55
4 .3 4  
5 .88  
7 .25
8 .35  
9-99
Table  7
_t-Butyl p - N i t r o p h e n y l p e r a c e t a t e  77*5° 
n- a lk an e  l0Skobsd 10 ' 5<l / k o b sd ) W Av>
c8 6.423 1.557
c 10 6.296 1.588
c 12 5.814  1.720
c I4 5.560 1.799
c I6 5.107 1.958
i n t e r c e p t  I . I 98
Table  8
j : -B u ty l  p e r a c e t a t e 1 106°
n - a lk a n e  105k , 10**4 ( l / k  ,_______________ obsd v obsd
cQ 2 .07  4.84
C10 1*95 5.15
c 12 1.78 5.62
C14 1.67 5.98
Cie 1-55 6.45
Nujo l  1 .00 10.00
i n t e r c e p t  3*35
4 .344  
5.878  
7.245
8.345 
9 .985
(T)/Av ) 1/2
4.01
5.36
6.52
7-79
8.79
74
Table  9 
j : -B u ty l  pe ra c fe ta te ' l ^ t3 °
n' al-kane l 0 % obsd 10' 3 ( l / k ob s d ) ( V Ay ) 1 /g
c9 5.85 1.72 4.12
Cio 5-66 1.77 4.73
Ci 2  5*24 1.91 5.68
c 14 5.61 1.78 6.70
Cie 4.95 2 .02  7.46
N ujo l  3 .9 7  2 .5 2  ------
i n t e r c e p t  1 .34
T a b l e  10
_ t - B u t y l  j > - M e t h o x y p h e n y l p e r a c e t a t e  77*3°
n - a l k a n e  1 0 4k  , , x l 0 4 1 0 " 3 ( l / k  , , )  o b s d  _____ v o b s d '
Ca 2.53 3.95
C10 2 .52 3-97
Cia 2.65  3-77
2.54  3-94
c I4 2.66 3 .76
2.70 3.70
75-
Table  11
t - B u t y l  j j - M e t h y l p h e n y l p e r a c e t a t e  77*5°
n - a l k a n e
Cio
C1S
^14
c i e
10 s k o b s d
8.83
9.08
8 .5 7
7-75
10.32
10- 4 ( 1 / k obsd>
1.13
1 .10
1 .17
1.29
0 . 9 7
n - a l k a n e
C 6
c 7
C10
C14
T a b l e  12 
Azocumene  6 0 °  18
10 5k o b s d
5.68
5.65
5 .87
5-78
10‘ 4<l / k obsd>
1.76
1.77 
1.70 
1.73
APPENDIX I I
MATHEMATICAL ANALYSIS OF COMPETING FIRST-ORDER REACTIONS
C onsider  a sys tem i n  which a s u b s t r a t e  i s  decomposing by 
a one-bond p a t h ,  r a t e  c o n s t a n t  k ^ ,  and by a two-bond p a t h ,  r a t e  
c o n s t a n t  kg.  Use o f  th e  Eyr ing  e q u a t i o n  a l low s  t h e  r a t i o  kg /k^  to  
be exp ressed  as a f u n c t i o n  of  t h e  d i f f e r e n c e  i n  AS^ f o r  t h e  two 
p a t h s ,  t h e  d i f f e r e n c e  in  AH^ f o r  t h e  two p a t h s ,  and th e  t e m p e ra tu re
(kT /h  ) exp [AS x */ R ] exp [- AH x * / RT ] 
k l  2 = ( k T / h ) exp[AS 2 * /R ]e x p [ - AH2*/RT]
, = e x £ ( AAH*/RT).
2 1 exp(AAS^/r )
!
AAH* = AH^ - AH2 *
AAS* = Asx* - AS2 ^
The r e l a t i v e  impor tance  o f  th e  two r e a c t i o n  p a th s  has  been ana lyzed  
as a f u n c t i o n  o f  AAH^  and t h e  t e m p e r a t u r e  f o r  t h r e e  v a lu e s  o f  AAS^. 
The r e s u l t s  a r e  shown below.
(a )  AAS* = 0 . 0
k 2 / k i  one"bond*
,1/mole) 50° 6o ° 80° 100° 80° 100°
1.0 4*7 4.5 4.2 3 . 9 1 9 .2 20.4
1-5 10 .5 9 . 6 8 . 5 7 . 6 1 0 .5 1 1 .6
2 . 0 2 2 .5 2 0 . 5 17 .3 14.8 5 .4 6.3
3 .0 IO6.9 9 2 . 9 7 1 . 9 57-2 1-3 1.7
4.0 507.5 421.0 29 9 .0 220.2 0 .3 0 . 5
100♦ C a lc u l a t e d  as 1 + kg/kj^
AAH+
(k c a l /m o le )
oo k2 /k
60°
1
80° 100°
1a)d0 0
^<
8 bond100°
1 .0 0 .6 2 0 .6 0 0 .5 5 0 . 5 I 64 .5 6 6 .2
1-5 1.37 1 .2 8 1 .1 3 1 .0 1 46.9 49 .7
2 .0 3 .0 0 2 .7 3 2 .3 0 1 .97 3 0 .3 33*7
3 .0 14.20 12.40 9-57 7 .6 2 9 .5 1 1 .6
4.0 6 7 .6 0 5 6 .1 0 3 9 .8 0 2 9 .3 0 2.5 3-3
(c )  AAS* = 8 .0 e . u .
AAH* k 2 /k 1 90 one- bond
( k c a l /m o le ) Ol 0 0 60° 80° 100° 80° 100°
1 .0 0 .0 8 4 0 .0 8 0 0 .0 7 5 0 .070 93-0 9 3 .4
1 .5 0 .1 8 0 .1 7 0 .1 5 0 .1 3 8 6 .9 88 .5
2 .0 o .4 o 0 .3 7 0 .3 1 0 .2 6 76.3 7 9 .4
3 .0 1 .9 1 1.66 1 .28 1 .02 43.9 49.5
4 .0 9 .05 7 .51 5.33 3-93 1 5 .8 20 .3
These r e s u l t s i n d i c a t e  1t h a t  whenl a s u b s t r a t e  r e a c t s  by
two d i f f e r e n t  mechanisms, t h e  d i f f e r e n c e  between t h e  a c t i v a t i o n  
p a ra m e te r s  f o r  t h e s e  two mechanisms w i l l  be so sm a l l  t h a t  th e  
v a lu e s  o f  $  one-bond, o r  k ^ / k ^ ,  w i l l  no t  be v e ry  s e n s i t i v e  to  
changes in  t e m p e r a t u r e .
APPENDIX I I I
DERIVATION OF KINETICS
During th e  c o u rse  o f  t h e s e  s t u d i e s ,  we have had to  d e r i v e  
d e t a i l e d  k i n e t i c  e x p r e s s i o n s  f o r  the  decom pos i t ion  o f  a wide v a r i e t y  
o f  i n i t i a t o r s .  I n s t e a d  o f  t r e a t i n g  each type  o f  i n i t i a t o r  as a 
s e p a r a t e  c a s e ,  we w i l l  d e r i v e  the  k i n e t i c s  f o r  one system which 
c o n ta i n s  a sum o f  a l l  t h e  k i n e t i c  c o m p l i c a t i o n s  t h a t  a r e  l i k e l y  t o  
be found in  most i n i t i a t o r s .  The r e s u l t i n g  r a t e  e x p r e s s i o n s ,  one
Scheme I I I - l
n o n - r a d i c a l  
p ro d u c ts
,  1‘ " sI  «  ■-> [cage I ]  -------> 2R*
k-1 Ik
[cage I I ]  -------> 2R’
■ J k .
cage
p ro d u c ts
f o r  the  f i r s t - o r d e r  d i s a p p e a ra n c e  o f  t h e  i n i t i a t o r ,  one f o r  th e  
f i r s t - o r d e r  d i s a p p e a r a n c e  o f  scavenger  and one f o r  t h e  z e r o - o r d e r  
d i s a p p e a ra n c e  o f  s c a v e n g e r ,  can be used t o  o b t a i n  th e  r a t e  law f o r
any s im p le r  c a se  by s e t t i n g  th e  a p p r o p r i a t e  r a t e  c o n s t a n t s  i n  Scheme
I I I - l  equa l  t o  z e r o .
The r a t e  c o n s t a n t s  r e f e r  t o  t h e  fo l l o w i n g  p r o c e s s e s :  
k^ bond h o m o ly s i s ;
k j, cage rec o m b in a t io n  to  re fo rm  th e  i n i t i a t o r ;
78
k fo r m a t io n  o f  a n o n - r a d i c a l  cage p ro d u c t  from t h e  pr im aryn
r a d i c a l  p a i r ;
k g - s c i s s i o n  o f  t h e  p r im ary  r a d i c a l  p a i r ,  l o s s  o f
P
n i t r o g e n  from RN^, d e c a r b o x y l a t i o n  o f  RCO2 ; 
k £ fo rm a t io n  o f  a n o n - r a d i c a l  cage p ro d u c t  a f t e r  g - s c i s s i o n  
has  o c c u r r e d ,  e.g_. , fo rm a t io n  o f  methy l  a c e t a t e  as  a cage  
p ro d u c t  in  t h e  decom pos i t ion  o f  a c e t y l  p e r o x id e ;  
k^ d i f f u s i o n  a p a r t  o f  t h e  pr im ary  r a d i c a l  p a i r
k^ d i f f u s i o n  a p a r t  o f  t h e  secondary  r a d i c a l  p a i r .
In  o r d e r  t o  avo id  mountainous a s s e m b l i e s  o f  r a t e  c o n s t a n t s  
which would ob scu re  t h e  u n d e r ly in g  s i m p l i c i t y  o f  t h e  fo l l o w i n g  d e r i ­
v a t i o n ,  we have d e f i n e d  t h e  fo l l o w i n g  " f r a c t i o n s " .
k
f n = —------—— £------- ^— £---—— = t h e  f r a c t i o n  o f  th e  p r im ary
n n -1 D g
cag es  t h a t  forms* n o n - r a d i c a l  
cage p r o d u c t s ;
f  -  £ - +  k +  k ‘  t h e  £« ' = t l o r ' ° £ t h e  Pr l , "“ y
n - 1  D B
cages  t h a t  d i f f u s e s  a p a r t ;
f  = x.------T T , --------*tr~T,---Z “  = t h e  f r a c t i o n  o f  t h e  p r im ary
cages  t h a t  undergoes  g- 
s c i s s i o n ;
f  = ^ ^ -------- +±_k---+—k~ = t i^ e  ^r a c t f ° n t *ie  p r im ary
r  n -1  D g
cages  t h a t  re form s  t h e  i n i ­
t i a t o r ;
kDf  '  = ---- - ---:— = t h e  f r a c t i o n  o f  t h e  second­ly k ' + k D c
a ry  cages  t h a t  d i f f u s e s  apart;
k + k . + k + kn -1 D 3
k_D
k + k - + k + k- 3
k _
6
k + + k + k .n -1 D 3
k ,-1
k + k , + k_ + k-1 D 3
80kQ
^ ~ k"7— +—k~ = ^r a c t ^on t i^e second-
C D c
a ry  cages  t h a t  forms a non­
r a d i c a l  cage  p r o d u c t .
The q u a n t i t i e s  f^ _ and f  do no t  appea r  i n  any o f  t h e  f o l ­
lowing k i n e t i c  e x p r e s s i o n s ,  bu t  i t  i s  im p o r tan t  t h a t  they  be in c lu d ed
in  t h e  d e f i n i t i o n s  b e c a u s e ,  i f  f  i s  z e r o ,  th e n  f  and f_ and f  addr  n D g
to  u n i t y ,  and i f  f^ i s  z e r o ,  then  f^  i s  u n i t y .
DERIVATION OF RATE EXPRESSIONS
- = k 1 [I3  - k_L [cage I ]  (1)
Using s t a t i o n a r y  s t a t e  k i n e t i c s ,  we f i n d  f o r  th e  s t a t i o n a r y  concen­
t r a t i o n  o f  [Cage I ]
^ C 1]
[Cage I ] “ k + k  + k + k  (2)
n -1  D 0
S u b s t i t u t i n g  eq 2 i n t o  eq 1,  and c o l l e c t i n g  t e r m s ,  we f in d
'  V fD + f p +
[ I ]  = I 0 e x p [ - k 1 ( f D + fg  + f n ) t ]  (h )
The r a t e  o f  d i s a p p e a r a n c e  o f  a s c a v e n g e r ,  [S ] ,  i s  e q u a l  t o  t h e  r a t e
o f  appea rance  o f  r a d i c a l s ,  [R‘ ] .
" ^ d ?  = d t ^  = 2k yD[cage I I ]  + 2kD[cage I ]  ( 5 )
Using th e  s t e a d y - s t a t e  assumption  f o r  t h e  c o n c e n t r a t i o n  o f  [Cage I I ]  
we f i n d
k s
[Cage I I ]  = k [Cage I ]  (6)
D c
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I n s e r t i o n  o f  eq^6iancj ieq -2;:dntq £q *5'* a.n<3* r e a r r a n g e m e n t1- , g i v e s
J J 3 J  .  ak i kDk fl p ]  gk i kD P 3
dt ( fc_i  + kD + kg + kn) ( kD' + kc ) k_x + k„ + kp + kn
(6 . 1)
which can be r e w r i t t e n  as
- ^  "  2kl f 9£D P ]  +  2k l £D P ]  (T)
The two te rms on t h e  r i g h t  s i d e  o f  eq 7 can be combined t o  g iv e
* 2k l < V D  + V P ]  W
I f  t h e r e  i s  a l a r g e  enough excess  o f  t h e  i n i t i a t o r  t o  c o n s i d e r  [ I ]  
t o  be c o n s t a n t ,  th e n  eq 8 can be i n t e g r a t e d  t o  g ive
[S] = - 2 ^ ( 1 ^  + f D) [ I ] o  + [S]0 (9)
I f  t h e r e  i s  n o t  a l a r g e  excess  o f  i n i t i a t o r ,  ,i..e_. , i f  [ I ]  i s  no t  a
c o n s t a n t ,  then  a u s e f u l  e q u a t i o n  can be produced by s u b s t i t u t i o n  o f
eq 1- i n t o  eq 8.
/ d p ]  -  -2k1 [I ]0 ( f e£D' + fjjJ/expC-kjtf,, + f s + f n) t ] d t  (10)
The i n d e f i n i t e  i n t e g r a l  o f  eq 10 i s
[ s ]  = .   + f 6 + ------- e x p [“k L( f D + f  + f  ) t ]  (11)
D g n p
The i n d e f i n i t e  i n t e g r a l  o f  eq 10 can be c a l c u l a t e d  as
S S 2 [ I ]  ( f _ f  '  + f j  t=oo
- P ] l s " + Sls"  ---- l"+ f ~ + "  f   {eXpC-k i ( f D + ip + £„)t ]lo t  D g n H t=0
t= o o
- e x p [ - k 1( f D + f p + f n ) t ] |  } ( 1 2 )
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2[1W d  + V  - [ s ] ,  + P ] 0 + [ s ] ,  -  [ s l t  -  ■ i  » I  ------  ( l  -
D p n 
e x p [ - k 1( f D + f  g + f n ) fc])  ( l 3)
The t o t a l  amount o f  r a d i c a l s  t h a t  w i l l  be produced i n  t h i s  system i s *  
2 <f B£D +■ P —   —---------  = T o ta l  R ad ica l s  Produced ( I 3 . I )
I t. + f_  + f  D 0 n
which must be  equa l  to  t h e  t o t a l  amount o f  s cavenge r  t h a t  d i s a p p e a r s
2 ( f 0f D +  V P k  , ,
p i .  -  p i .  -  f „ V f  +  f  < i * >D (3 n 
S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  eq 13 g iv e s
- C S ] . +  [S ]0 + [ S ] . -  [ S ] t  -  [S ]Q -  [ s ] w ( [ S ] c  -  [ S ] . )
expC-k j f f j ,  + f g  + f n ) t ]  ( 15 )
Eq .15  can be r e a r r a n g e d  t o  g ive  eq 16 
[S] - [S]
lh  Cs 30 '  ‘  ' k l (£D + f B + £n )l: ( l 6 )
SUMMARY
1. F i r s t - O r d e r  d i s a p p e a r a n c e  o f  an i n i t i a t o r ;  see  eq A.
l n [ l ]  = - k ^ f j j  +  f p +  f n ) t  + L n £ l ] o
2, F i r s t - O r d e r  d i s a p p e a r a n c e  o f  scavenge r  ( ex cess  s c a v e n g e r ) ;  see  
eq 16.
[S]t - [*]*In
tS lo '  t S ] „  “k l ( f D  + S  + f n )t:
*See Foo tno te  1 a f t e r  t h e  Summary,page 8 3 .
3» Zero-Order  d i s a p p e a ra n c e  o f  scavenger  ( e x c es s  i n i t i a t o r ) ;  see 
eq 9.
[S] -  - 2 k 1( £ e£D' +  f D) [ I ] 0 + [S ]o
F o o tn o te  1:
I t  i s  pe rhaps  easy  t o  see  t h a t  eq 13*1 i s  t r u e  by s u b s t i ­
t u t i n g  th e  d e f i n i t i o n s  o f  f  , f ^  and f  i n t o  t h e  e q u a t i o n .  The
r e s u l t  i s
2 ( k Sf D +  kD ) P ] 0 T o t a l  r a d i c a l s  produced = — ^ + ^ ^-----
D 3 n
= 2 (E „f  '  + E^J l  '  g D D o
= 2E I t  o
i s  t h e  t o t a l  e f f i c i e n c y  o f  r a d i c a l  p ro d u c t io n  
E^ i s  t h e  e f f i c i e n c y  o f  r a d i c a l  p r o d u c t io n  from [cage I ]
Ep i s  t h e  e f f i c i e n c y  o f  p r o d u c t io n  o f  [cage I I ]  from [cage I ]
E^f^ i s  th e  e f f i c i e n c y  o f  r a d i c a l  p r o d u c t i o n  from [cage I I ] .
PART I I
A NEW RELATIONSHIP BETWEEN VISCOSITY AND 
DIFFUSION COEFFICIENTS AND ITS APPLICATION 
TO A MODEL FOR PREDICTING CAGE RETURN.
THE VISCOSITY DEPENDENCE OF DIFFUSION
S e v e ra l  a t t e m p ts  have  been made to  e s t a b l i s h  r e l a t i o n s h i p s  
be tween t h e  v i s c o s i t y  and d i f f u s i o n  c o e f f i c i e n t s  i n  pure  l i q u i d s ,  
as  w e l l  as i n  s o l u t i o n s .  The most soundly  based  o f  t h e s e  r e l a t i o n s  
i s  t h e  S t o k e s - E i n s t e i n  e q u a t i o n . 1 Before  we examine th e  S to k es -  
E i n s t e i n  e q u a t i o n ,  i t  i s  n e c e s s a r y  to  d e f i n e  what i s  meant by a 
d i f f u s i o n  c o e f f i c i e n t .
C ons ider  a s o l u t i o n  in  which t h e  s o l u t e  i s  uneven ly  d i s ­
t r i b u t e d ,  and i n  which the  m o lecu le s  o f  t h e  s o l u t e  a r e  moving from 
a  r e g i o n  o f  h i g h e r  c o n c e n t r a t i o n ,  C^, to  one o f  lower c o n c e n t r a ­
t i o n ,  C^. F ig u r e  2-1  r e p r e s e n t s  a c y l i n d r i c a l  p a r t  o f  such a 
s o l u t i o n  w i th  i t s  a x i s  in  t h e  d i r e c t i o n  o f  maximum d e c l i n e  o f  con­
c e n t r a t i o n .
F ig u r e  2-1
I f  th e  change i n  c o n c e n t r a t i o n  i s  un i fo rm  p e r  u n i t  l e n g t h ,  then  
th e  c o n c e n t r a t i o n  g r a d i e n t  i s  -dC/dX. Now, imagine th e  c y l i n d r i ­
c a l  p a r t  o f  th e  s o l u t i o n  to  be c u t  by a p la n e  p e r p e n d i c u l a r  t o  
t h e  a x i s  and one s q u a re  c e n t i m e t e r  in  a r e a .  The r a t e  a t  which th e  
su b s ta n c e  c r o s s e s  t h i s  p la n e  i s  d Q /d t ,  where Q i s  t h e  amount o f
8k
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s u b s ta n c e  in  grams o r  moles (whichever  i s  used to  e x p re s s  c )  and t^  
i s  t h e  t im e .  The r a t e  o f  p a s sa g e  o f  s o l u t e  a c r o s s  the  p la n e  i s  a s ­
sumed t o  be p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t .
dQ/d t «  -dC/dX
I f  t h e  t o t a l  a r e a  of  t h e  r e f e r e n c e  p la n e  i s  A u n i t s ,  t h e n  th e  o v e r ­
a l l  r a t e  i s  A t im es  t h a t  f o r  u n i t  a r e a .  T h e r e f o r e ,  i f  dQ/dt i s  
t h e  r a t e  f o r  th e  g e n e r a l  c a s e ,  i t  shou ld  be p r o p o r t i o n a l  t o  t h e  
p ro d u c t  o f  A and th e  c o n c e n t r a t i o n  g r a d i e n t .  This  s t a t em e n t  i s  
F i c k ' s  Law:
dQ/dt = DA(-dC/dX) (2 -1 )
where D i s  th e  d i f f u s i o n  c o e f f i c i e n t .
When A i s  u n i t y  and th e  c o n c e n t r a t i o n  g r a d i e n t ,  -dC/dX, 
i s  u n i t y ,  t h e  r a t e  i s  D. T h e r e f o r e ,  D r e p r e s e n t s  t h e  q u a n t i t y  o f  
s o l u t e  d i f f u s i n g  in  u n i t  t ime a c r o s s  a p la n e  o f  u n i t  a r e a  when t h e  
c o n c e n t r a t i o n  g r a d i e n t  i s  u n i t y .  The u n i t s  o f  t h e  d i f f u s i o n  co ­
e f f i c i e n t  a r e  a r e a  p e r  u n i t  t im e .  Because t h e  u n i t  o f  q u a n t i t y  of  
t h e  d i f f u s i n g  m a t e r i a l  e n t e r s  b o th  t h e  c o n c e n t r a t i o n  g r a d i e n t  and 
t h e  r a t e  d Q /d t ,  any u n i t  may be u s e d ,  bu t  i t  must be used c o n s i s ­
t e n t l y .
E i n s t e i n  r e l a t e d  t h e  d i f f u s i o n  c o e f f i c i e n t  to  t h e  p ro ­
p e r t i e s  o f  t h e  d i f f u s i n g  s u b s t a n c e  and th e  medium. The f o l l o w i n g  
s i m p l i f y i n g  assum ptions  a r e  in v o lv e d  i n  E i n s t e i n ' s  d e r i v a t i o n . 1 
The d i f f u s i n g  p a r t i c l e s  a r e  assumed to  be s p h e r i c a l  and much 
l a r g e r  th a n  t h o s e  o f  t h e  medium. I t  i s  f u r t h e r  assumed t h a t  th e
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d i f f u s i n g  su b s ta n c e  obeys th e  v a n ' t  Hoff e q u a t i o n , P  = CRT, where C 
i s  t h e  number o f  moles o f  d i f f u s i n g  su b s ta n c e  p e r  cub ic  c e n t i m e t e r ,  
R i s  t h e  gas c o n s t a n t ,  T i s  t h e  a b s o l u t e  t e m p e r a t u r e ,  and P i s  the  
osmot ic  p r e s s u r e .
I f  t h e  p la n e  o f  r e f e r e n c e  in  F ig  2-1 i s  1 sq cm, then  th e  
volume o f  a l a y e r  o f  t h i c k n e s s  dX w i l l  a l s o  be dX. The number o f  
i n d i v i d u a l  p a r t i c l e s  o f  d i f f u s i n g  su b s ta n c e  w i t h i n  t h i s  volume w i l l  
be CdXN, where N i s  Avogadro 's  number. The t r a n s p o r t  of  CdXN 
p a r t i c l e s  a c r o s s  t h e  volume e lement  ^X i s  due to  t h e  d i f f e r e n c e  in  
p r e s s u r e ,  dP. Because t h i s  p r e s s u r e  d i f f e r e n c e  i s  a c t i n g  on u n i t  
a r e a ,  t h e n  i t  i s  e q u i v a l e n t  to  a d r i v i n g  f o r c e .  The d r i v i n g  f o r c e  
p e r  p a r t i c l e  i s
f  = d-  (2 -2 )CdXN '  }
The v e l o c i t y ,  d x / d t ,  w i th  which a p a r t i c l e  moves should  be d i r e c t l y  
r e l a t e d  t o  t h e  f o r c e  a c t i n g  on th e  p a r t i c l e ,  f ,  and i n v e r s e l y  r e ­
l a t e d  t o  t h e  f r i c t i o n a l  r e s i s t a n c e ,  y .  The f r i c t i o n a l  r e s i s t a n c e  
f o r  a s p h e r i c a l  p a r t i c l e  moving a t  low, un i fo rm  v e l o c i t y  was 
e s t i m a t e d  by S i r  George S to k e s 2 to  be
Y = 6Tlr71 (2 -3 )
where _r i s  th e  d ia m e te r  o f  t h e  p a r t i c l e  and 7) i s  th e  v i s c o s i t y  o f  
t h e  medium th rough  which i t  i s  moving. T h e r e f o r e ,  th e  v e l o c i t y  of  
a p a r t i c l e  b e in g  a c t e d  on by a f o r c e  g iven  by eq 2-2  w i l l  be
H P  1
dX/d t = dXCN * 6TTr7]
From Van't Hoff's equation, we have
dP/dX = RT(dC/dX) (2 -5 )
which can be i n s e r t e d  i n t o  eq 2 -4  to  g ive
°*d x /d t> -  s i f e i  (2- 6>
The l e f t  s i d e  o f  eq 2-6  i s  th e  amount o f  su b s ta n c e  d i f f u s i n g  th rough  
u n i t  a r e a  p e r  u n i t  t im e ,  and dC/dX i s  t h e  c o n c e n t r a t i o n  g r a d i e n t .
A compar ison  o f  eq 2 -6  w i th  F i c k ' s  law, eq 2 -1 ,  shows t h a t  th e  d i f ­
f u s i o n  c o e f f i c i e n t  i s  g iven  by th e  e x p r e s s i o n
D = —55—  (2 -7 )
D N6TTrTl ^  rV
which i s  known as  t h e  S t o k e s - E i n s t e i n  e q u a t i o n .  I t  i s  im p o r tan t  to  
remember t h a t  t h e  S t o k e s - E i n s t e i n  e q u a t i o n  i s  b ased  on t h e  assump­
t i o n  t h a t  t h e  d i f f u s i n g  p a r t i c l e s  a r e  so l a r g e  t h a t  t h e  medium may 
be r e g a r d e d  as  c o n t in u o u s .
Sutherland3 modified the original Stokes-Einstein equa­
tion to obtain
D = RT—  -L-+ T^l/gr ( 8)
6NTTrTl 1 +  2 T )/g r  ' ’
where |3 i s  t h e  c o e f f i c i e n t  o f  s l i d i n g  f r i c t i o n .  Th is  e q u a t i o n  r e ­
duces  t o  t h e  S t o k e s - E i n s t e i n  e q u a t i o n  f o r  th e  d i f f u s i o n  o f  p a r t i c l e s  
much l a r g e r  th a n  t h e  m o le c u le s  of  t h e  medium, 0 -* ». But,  when th e  
s o l u t e  and s o l v e n t  m o le c u le s  a re  a p p ro x im a te ly  t h e  same s i z e ,  g -* 0 ,  
and th e  r e s u l t i n g  e x p r e s s i o n  i s
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D - iJifTi (2'9>
There i s , i n  g e n e r a l , r a t h e r  poor agreement between any 
form o f  t h e  S t o k e s - E i n s t e i n  e q u a t io n  and e x p e r i m e n t a l l y  de te rm ined  
v a lu e s  o f  d i f f u s i o n  c o e f f i c i e n t s . 4
A d i f f e r e n t  approach  to  th e  r e l a t i o n s h i p  between d i f f u ­
s ion  and v i s c o s i t y  i s  a f f o r d e d  by th e  work o f  E y r in g ,  jet_, a l . 5 
Eyring  based  h i s  t r e a tm e n t  o f  v i s c o s i t y  on t h e  p o s t u l a t e  t h a t  f low
can o ccu r  on ly  i f  t h e r e  i s  a " h o le "  o r  "empty s i t e "  so t h a t  a mole ­
c u l e  can pass  from one e q u i l i b r i u m  p o s i t i o n  to  an a d j a c e n t  h o l e .  
Accord ing  to  t h i s  p o s t u l a t e ,  t h e  v i s c o s i t y  o f  a l i q u i d  w i l l  be 
p r o p o r t i o n a l  t o  th e  number o f  h o l e s .  There  i s  c o n s i d e r a b l e  e x p e r i ­
m en ta l  ev id en c e  to  su p p o r t  t h i s  v i e w . 5
In  view o f  t h e  r e l a t i o n s h i p  be tween v i s c o s i t y  and th e  
number o f  h o l e s ,  Eyr ing  proposes  t h a t  v i s c o s i t y  can be t r e a t e d  as  
an a c t i v a t e d  p r o c e s s  and e x p la i n e d  by th e  t h e o r y  of  a b s o l u t e  r e ­
a c t i o n  r a t e s .  His e q u a t i o n  i s :
7] = Av eEv /RT (2 -10)
where E^ i s  th e  energy  of  a c t i v a t i o n  f o r  v i s c o u s  f low.  The t o t a l  
a c t i v a t i o n  energy  can be r e g a rd ed  as c o n s i s t i n g  o f  two p a r t s :
( l )  The energy r e q u i r e d  to  form th e  h o l e ,  and (2) t h e  energy  r e q u i r e d  
to  move a  m o lecu le  i n t o  th e  h o l e .
Eyr ing  has  shown t h a t  most o f  t h e  en e rg y  i s  r e q u i r e d  f o r  
t h e  p r e p a r a t i o n  o f  t h e  h o le s  i n t o  which th e  m o le c u le s  move. The
work r e q u i r e d  to  make a h o l e  o f  m o le c u la r  s i z e  i n  a  l i q u i d  i s  
equa l  t o  the  energy o f  v a p o r i z a t i o n , . The s i z e  o f  t h e  h o le
n e c e s s a r y  f o r  f low to  occu r  need no t  be t h e  f u l l  s i z e  o f  a mole ­
c u l e  bu t  w i l l  be some f r a c t i o n  r e p r e s e n t e d  by t h e  a d d i t i o n a l  
volume r e q u i r e d  by th e  a c t i v a t e d  s t a t e  as compared w i th  t h e  
i n i t i a l  s t a t e .
E = ( 2 - 1 1 )  v n '
The v a lu e  o f  n l i e s  be tween 3 and 4 f o r  most n o n a s s o c i a t e d  l i q u i d s .  
For  n o n p o la r  m o lecu les  which have s p h e r i c a l  o r  n e a r l y  s p h e r i c a l  
symmetry,  n i s  n e a r e r  3 ?> bu t  f o r  p o l a r  m o lecu le s  and n o n - s p h e r i c a l  
m o le c u le s ,  n i s  about  4. These v a lu e s  i n d i c a t e  t h a t  th e  work done 
in  forming a h o le  f o r  th e  a c t u a l  u n i t  o f  f low i s  abou t  1/3 t o  1 /4  
o f  t h a t  r e q u i r e d  f o r  t h e  fo r m a t io n  o f  a h o l e  o f  f u l l  m o le c u la r  s i z e .
The problem o f  d i f f u s i o n  i s  t r e a t e d  by Eyr ing  i n  a manner 
s i m i l a r  t o  t h a t  used f o r  v i s c o s i t y .  The p r o c e s s  o f  d i f f u s i o n  i s  
s i m i l a r  t o  t h a t  o f  v i s c o u s  f l o w ,  ex cep t  t h a t  i n  d i f f u s i o n  u n l i k e  
m o lecu les  a r e  in v o lv e d .  In o r d e r  to  d i f f u s e  in  s o l u t i o n ,  a mole­
c u l e  o f  s o l u t e  and a m o lecu le  o f  s o lv e n t  must s l i p  p a s t  each o t h e r .  
D i f f u s i o n  can be w r i t t e n  as an a c t i v a t e d  p r o c e s s
D = ADe ' ED/RT (2 -12 )
where i s  t h e  energy  o f  a c t i v a t i o n  f o r  d i f f u s i o n .  I t  i s  ag a in  
r e a s o n a b l e  t o  assume t h a t  t h e  energy  o f  a c t i v a t i o n  f o r  d i f f u s i o n  
i s  r e l a t e d  to  t h e  energy  o f  v a p o r i z a t i o n  o f  t h e  s o l v e n t .
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E.D
vap
m (2-1 3 )
In g e n e r a l ,  we would expec t  t h a t  t h e  energy  o f  a c t i v a t i o n
f o r  d i f f u s i o n  w i l l  no t  be t h e  same as t h e  energy  o f  a c t i v a t i o n  f o r  
v a p o r i z a t i o n ,  and t h e r e f o r e ,  ri, i n  eq 2- 1 1 , and m, in  eq 2 - 1 3 , w i l l  
not be t h e  same. Indeed ,  Eyr ing  has shown t h a t  t h e  motion o f  two 
u n l i k e  m o lecu les  p a s t  one a n o th e r  r e q u i r e s  a f r e e  energy  l y i n g  
between th o s e  r e q u i r e d  by th e  two m olecu les  in  t h e i r  s e p a r a t e  
v i s co u s  f l o w s . 5
r e l a t i o n s h i p  between d i f f u s i o n  and v i s c o s i t y .  From eq 2-11 and 
eq 2- 1 3 , we o b t a i n
I n s e r t i n g  eq 2-13 i n t o  t h e  A r rh e n iu s  e q u a t i o n  f o r  d i f f u s i o n ,  eq 2 - l e ,  
y i e l d s  th e  d e s i r e d  r e l a t i o n s h i p  between v i s c o s i t y  and d i f f u s i o n .
where ot e q u a l s  n/m.
The most im por tan t  f e a t u r e  in  eq 2-16 i s  t h a t  i t  does no t  
r e q u i r e  t h e  d i f f u s i o n  c o e f f i c i e n t  t o  be p r o p o r t i o n a l  to  t h e  i n v e r s e  
f i r s t  power o f  t h e  v i s c o s i t y  as was t h e  ca se  w i th  t h e  S to k es -  
E i n s t e i n  e q u a t i o n .  The q u a n t i t y  a  w i l l  be ex pec ted  t o  be a f u n c t i o n
Using t h e  e q u a t io n s  developed above,  we can d e r i v e  a
E.D E n/mv (2 -14 )
which can be used  in  c o n j u n c t i o n  w i th  eq 2 -10  t o  o b t a i n
(2 -15 )
D -  AD(Av /T|)a ( 2- 16)
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of  t h e  s i z e  and shape of  t h e  s o l v e n t  and s o l u t e  m o le c u le s ,  th e  
d egree  o f  i n t e r a c t i o n  between th e  s o lv e n t  and the  s o l u t e ,  and p e r ­
haps o t h e r  f a c t o r s  such as t e m p e ra tu re  and p r e s s u r e .
Of c o u r s e ,  eq 2-16 should  be i d e n t i c a l  w i th  th e  S tokes -  
E i n s t e i n  e q u a t io n  f o r  t h e  s p e c i a l  c a se  of  t h e  d i f f u s i o n  o f  ve ry  
l a r g e  m o lecu les  th rough  a s o l v e n t  composed o f  sm al l  m o le c u le s .
There a r e  two i n d i c a t i o n s  t h a t  t h i s  i s  indeed  th e  c a s e .  F i r s t ,  
Eyr ing  r e p o r t s  t h a t  the  a c t i v a t i o n  energy  f o r  t h e  d i f f u s i o n  of  
l a r g e  m o le c u le s  i s  t h e  same as t h e  a c t i v a t i o n  energy  f o r  v i s c o u s  
f low o f  th e  s o l v e n t .  This  r e p o r t  can be i n t e r p r e t e d  i n  terms of  
eq 2-11 and eq 2-13 to  mean t h a t  ri and m a r e  e q u a l .  When n and m 
a r e  e q u a l ,  eq 2 -1 6  p r e d i c t s  th e  same p r o p o r t i o n a l i t y  between d i f ­
f u s i o n  and v i s c o s i t y  as  does t h e  S t o k e s - E i n s t e i n  e q u a t i o n .  Second, 
Eyr ing  h a s  used a b s o l u t e  r a t e  th e o r y  t o  deve lop  e x p r e s s i o n s  f o r  t h e  
p r e - e x p o n e n t i a l  f o r  d i f f u s i o n  and v i s c o s i t y , 5 A^ and A^., i n  te rms  of 
p a r t i t i o n  f u n c t i o n s  which can be e v a lu a t e d  by th e  use  o f  s t a t i s t i ­
c a l  m echan ics .  E y r i n g ' s  e x p r e s s i o n s  f o r  A^ and A^ can be i n s e r t e d  
i n t o  eq 2- 1 6 , w i th  a  equa l  one ,  t o  g iv e  th e  fo l l o w i n g  e q u a t io n
D = (2 -17)NAT] ^  u
where X i s  t h e  l e n g th  o f  a d i f f u s i v e  d i sp la ce m e n t .
We have a l r e a d y  p o in t e d  ou t  t h a t  the  a c t i v a t i o n  energy  
f o r  th e  d i f f u s i o n  o f  a l a r g e  m o lecu le  th rough  a s o l v e n t  i s  the  same 
as t h e  a c t i v a t i o n  energy  f o r  d i f f u s i o n  o f  th e  s o l v e n t .  T h e r e f o r e ,
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i t  i s  c l e a r l y  t h e  movement of  t h e  s o lv e n t  m o lecu les  t h a t  d e te rm ines  
t h e  r a t e  o f  d i f f u s i o n  o f  th e  s o l u t e  in  t h e s e  c a s e s .  Eyr ing  p o in te d  
out t h a t  t h i s  can occur  i f  th e  d i f f u s i o n  occurs  by t h e  movement o f  
a s o l v e n t  m o lecu le  ou t  o f  t h e  f r o n t  o f  th e  d i f f u s i n g  m o lecu le  and 
around t o  th e  back in  a s e r i e s  o f  jumps from one e q u i l i b r i u m  p o s i ­
t i o n  t o  a n o th e r .  Once t h i s  movement has  o c c u r r e d ,  then  th e  l a r g e  
m olecu le  w i l l  d i f f u s e  forward  to  f i l l  t h e  h o l e  l e f t  by t h e  s o lv e n t  
m o lecu le .  The s o l v e n t  m olecu le  must move th rough  a d i s t a n c e  of  a t  
l e a s t  Tfr, where r  i s  t h e  r a d i u s  o f  t h e  d i f f u s i n g  m o le c u le ,  in  o r d e r  
f o r  th e  l a t t e r  t o  move a d i s t a n c e  where \  i s  t h e  d i s t a n c e  between 
s u c c e s s i v e  e q u i l i b r i u m  p o s i t i o n s  o f  t h e  s o l v e n t  m o le c u le s .
S u b s t i t u t i n g  TTr f o r  \  i n  eq 2 -17  g iv e s  an e q u a t i o n  which 
i s  q u i t e  s i m i l a r  to  t h e  S t o k e s - E i n s t e i n  e q u a t io n
D = (2-18)aNTTrTt
The f a c t o r  has been in c lu d e d  to  accoun t  f o r  t h e  f a c t  t h a t  t h e  
s o lv e n t  m olecu le s  may no t  t ake  the  s h o r t e s t  pa th  as th e y  d i f f u s e  
around th e  l a r g e  s o l u t e  m o le c u le s .  I n  t h e  S t o k e s - E i n s t e i n  e q u a t io n  
a i s  6 .
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A THEORETICAL MODEL FOR GEMINATE RECOMBINATION 
Since  th e  e x i s t e n c e  o f  a s o l v e n t  cage  was f i r s t  d i s c u s s e d  
by Franck and R ab in o w i tch , 6 th e  th e o ry  of  cage  r e a c t i o n s  has  been 
developed  by a number o f  a u t h o r s . 7 -9  Emphasis i n  t h e  t h e o r e t i c a l  
t r e a t m e n t s  has been p la ce d  on a n a l y s i s  of  t h e  p a r t  o f  th e  p r o c e s s  
r e f e r r e d  t o  by Noyes7^ as secondary  r e c o m b in a t io n .  Secondary r e ­
com bina t ion  i s  th e  sum of  a l l  r e co m b in a t io n s  t h a t  occur  as  a conse ­
quence of  r e - e n c o u n t e r s  between p a i r s  which have a t  some time been 
s e p a r a t e d  by one o r  more d i f f u s i v e  d i s p l a c e m e n t s .  Pr imary  recombin­
a t i o n  o f  r a d i c a l s  produced in  a " sp u r "  in  r a d i o l y s i s  has  been 
t r e a t e d  t h e o r e t i c a l l y ,  bu t  no a t t e m p t  was made t o  p r e d i c t  t h e  amount 
o f  p r im ary  reco m b in a t io n  on a p u r e ly  a. p r i o r i  b a s i s . 10 Wai ts  and 
Hammond11 developed  a model to  p r e d i c t  t h e  e f f e c t  o f  th e  concen­
t r a t i o n  o f  a scavenger  on geminate  r e c o m b in a t io n .  T h e i r  r e s u l t s  
i n d i c a t e  t h a t  i t  i s  im p o s s ib le  to  d i f f e r e n t i a t e  e x p e r i m e n t a l l y  
between pr im ary  and secondary  r e c o m b in a t io n .  In f a c t ,  they  were 
a b l e  to  account f o r  t h e  e f f e c t  o f  s cavengers  w i th o u t  r e c o u r s e  t o  
any d i f f u s i v e  p ro c e s s  by a r e a s o n a b l e ,  bu t  a r b i t r a r y ,  c h o ic e  of  
th e  number o f  n e a r e s t  n e ig h b o rs  in  th e  s o l u t i o n .  In  t h e  fo l l o w i n g  
d i s c u s s i o n  we w i l l  c o n s i d e r  on ly  p r im ary  re c o m b in a t io n .
Even though i t  i s  d i f f i c u l t  t o  p r e d i c t  a c c u r a t e l y  t h e  ab­
s o l u t e  r a t e  c o n s t a n t  f o r  a r e a c t i o n  in  s o l u t i o n ,  a r a t i o  o f  two 
c l o s e l y  r e l a t e d  r a t e  c o n s t a n t s  can o f t e n  be c a l c u l a t e d  from f i r s t  
p r i n c i p l e s .  In  t h e  s im ple  system
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k lR-R   — > [R- R- ]
k- l[R- R* ] ---------> R-R
k2[ r .  R .  -j  >  2 R .
t h e  f r a c t i o n  o f  cage r e t u r n  can be e x p re s sed  as
k- l / k 2
£r  = 1 + (2’ 19>
In  o rd e r  t o  p r e d i c t  f  we must develop  a model t h a t  w i l l  a l low  th e  
r a t i o  k ^ /k ^  t o  be c a l c u l a t e d .  We w i l l  do t h i s  by f i r s t  d ev e lo p in g  
a model t o  p r e d i c t  t h e  d i f f u s i o n  o f  one m olecu le  out o f  a s p h e r i c a l  
cage ;  we w i l l  t h e n  combine two s p h e r i c a l  cages  i n t o  a l a r g e r  c a v i t y  
and p r e d i c t  t h e  r a t e  a t  which two m olecu les  would r e a c t  w i t h i n  such 
a c a v i t y .
DIFFUSION FROM THE CAGE:
As a model f o r  d i f f u s i o n  from th e  c ag e ,  we w i l l  assume 
t h a t  th e  d i f f u s i n g  m o lecu le  i s  in  th e rm a l  a g i t a t i o n  so t h a t  i t s  
c e n t e r  o f  mass i s  c o n f in e d  to  an a p p ro x im a te ly  s p h e r i c a l  cage o f  
d ia m e te r  "a"  formed by i t s  n e a r e s t  n e ig h b o r s .  The m o lecu le  in  i t s  
cage  w i l l  have  a Maxwell ian  mean v e l o c i t y  from which t h e  number 
o f  c o l l i s i o n s  p e r  second i t  undergoes  w i th  t h e  w a l l s  o f  t h e  cage 
has  been c a l c u l a t e d 12 as
Z = 2. ( I ^ I ) 1 / 2  (2-20)
c a fifa K
Where fC i s  t h e  Boltzman c o n s t a n t ,  T i s  t h e  t e m p e r a t u r e ,  and m i s  t h e  
mass of  th e  m o le c u le .  Most o f  t h e  c o l l i s i o n s  w i th  t h e  cage w a l l s  w i l l  
r e s u l t  in  t h e  p a r t i c l e  b e in g  r e f l e c t e d  back i n t o  th e  cage .  O c c a s i o n a l l y ,  a
c o l l i s i o n  w i l l  o ccu r  w i th  enough energy t o  a l lo w  t h e  p a r t i c l e  t o  
e scape  from th e  cage .  The number o f  such e f f e c t i v e  c o l l i s i o n s  pe r  
second can be c a l c u l a t e d  as
Z = Z e " ED^RT (2 -21 )e c ' '
where E^ i s  th e  energy  of  a c t i v a t i o n  f o r  d i f f u s i o n .
Equa t ion  2-21 g iv e s  t h e  formula  f o r  t h e  number o f  d i f f u ­
s i v e  c o l l i s i o n s  pe r  second pe r  cage f o r  t h i s  model,  b u t  u n f o r t u n a t e l y ,  
Z^ cannot  be c a l c u l a t e d  because  t h e  energy  of  a c t i v a t i o n  f o r  d i f f u ­
s io n  i s  no t  u s u a l l y  known. One s o l u t i o n  o f  t h i s  problem i s  t o  r e ­
l a t e  t h e  e x p o n e n t i a l  te rm in  eq 2-21  t o  some m easu rab le  p a ra m e te r  
o f  t h e  s o l v e n t .
r e l a t i o n s h i p  between t h e  energy  of  a c t i v a t i o n  o f  d i f f u s i o n  a n d - th e  
v i s c o s i t y  o f  t h e  s o l v e n t .
Th is  same r e l a t i o n s h i p  was d e r iv e d  from a c o n s i d e r a t i o n  o f  E y r i n g 1s 
t h e o r i e s  o f  v i s c o s i t y  and d i f f u s i o n  and i s  g iv en  on Page $0 as eq 
2 -1^ .  B y - s u b s t i t u t i n g  eq 2-22 i n t o  eq 2 -2 1 ,  we o b t a i n  th e  f o l lo w in g  
e q u a t i o n s .
In  P a r t  I o f  t h i s  D i s s e r t a t i o n , we e s t a b l i s h e d  an e m p i r i c a l
A
(t t ) (2- 22)
Ze ( 2- 23 )
Ze
1  f2 tCT \  1 / 2 / AVv g-
a Tfm T) (2 -24 )
in  which th e  on ly  unknown i s  th e  c o e f f i c i e n t  a lp h a .
96
There a re  two ways t o  de te rm ine  a lp h a .  The most d i r e c t  
i s  to  measure th e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  m o lecu le  o f  i n t e r e s t  
in  a s e r i e s  o f  s o l v e n t s  o f  v a ry in g  v i s c o s i t y .  Alpha can th e n  be 
c a l c u l a t e d  by th e  use  o f  eq 2- 1 6 , which was d e r iv e d  p r e v i o u s l y . *
D = AD(^p)a (2-16)
U n f o r t u n a t e l y ,  t h e r e  i s  a p a u c i t y  of  d a t a  in  t h e  l i t e r a ­
t u r e  on d i f f u s i o n  c o e f f i c i e n t s  as a f u n c t i o n  o f  v i s c o s i t y ,  and we 
have no t  been a b le  to  e s t i m a t e  a lp h a  u s in g  eq 2 -16 .  There  a r e ,  
however ,  c o n s id e r a b ly  more d a t a  a v a i l a b l e  on the  r a t e  c o n s t a n t s  f o r  
d i f f u s i o n  c o n t r o l l e d  r e a c t i o n s  as a f u n c t i o n  o f  s o l v e n t  v i s c o s i t y .
A d i f f u s i o n  c o n t r o l l e d  r e a c t i o n  i s  one in  which t h e  slow s t e p  in  the  
r e a c t i o n  sequence  i s  d i f f u s i o n  o f  t h e  r e a c t a n t s  t o g e t h e r ,  and, 
t h e r e f o r e ,  the  o v e r a l l  r a t e  c o n s t a n t  o f  t h e  r e a c t i o n  i s  t h e  r a t e  
c o n s t a n t  f o r  d i f f u s i o n .
A d i f f u s i o n  c o n t r o l l e d  r e a c t i o n  between s p e c i e s  A and B 
in  some l i q u i d  medium may be c h a r a c t e r i z e d  by a r a t e  c o n s t a n t  
which i s  p r e d i c t a b l e  by t h e  Smoluchowski e q u a t i o n : 13
kn = 10“3 l+NoTr(DA + d J  ( 2 - 2 5 .}-L) A d
where a  = r .  + r _ , the  sum o f  th e  m o le c u la r  r a d i i ;  D. and D„ a reA B A B
the  d i f f u s i o n  c o e f f i c i e n t s  o f  A and B; and N = Avogadro 's  number.
The Smoluchowski e q u a t i o n  i s  d e r iv e d  from F i c k ' s  laws o f  d i f f u ­
s io n  w i th  th e  assumptions  t h a t  th e  d i f f u s i o n  o f  A i n t o  B i s  s p h e r i c ­
a l l y  symmetric and t h a t  th e  c o n c e n t r a t i o n  o f  A a t  t h e  s u r f a c e
See page 9 0 .
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o f  B i s  z e r o .  These a r e  g e n e r a l l y  good a ssu m p t io n s ,  and we w i l l  
assume t h a t  th e  Smoluchowski e q u a t io n  i s  c o r r e c t .  We can s u b s t i ­
t u t e  eq 2 -16  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t s  in  t h e  Smoluchowski 
e q u a t i o n  to  o b t a i n
k D = 1 0 -34TlNcr(AAB)(Av /Tl)a  (2 -2 6 )
where A^g i s  t h e  sum o f  t h e  p r e - e x p o n e n t i a l  f o r  d i f f u s i o n  o f  mole­
c u l e  A and B.
One p r o c e s s  t h a t  i s  g e n e r a l l y  c o n s id e r e d  to  be d i f f u s i o n  
c o n t r o l l e d  i s  th e  quenching o f  f l u o r e s c e n c e .  T h e r e f o r e ,  t h e  r a t e  
c o n s t a n t  f o r  quenching  shou ld  be equal  t o  t h e  r a t e  c o n s t a n t  f o r  
d i f f u s i o n .
k Q = kD = 10-3 4TJNCTAAB(Av/Tl,)a  (2 -27)
A ccording  to  eq 2 -27 ,  a p l o t  of  k^ v e r s u s  (A^T])** should  be l i n e a r .
In  P a r t  I  o f  t h i s  D i s s e r t a t i o n ,  we wdre q u i t e  s u c c e s s f u l  in  
c o r r e l a t i n g  t h e  r a t e  c o n s t a n t s  f o r  a d i f f u s i o n  c o n t r o l l e d  r a d i c a l  
r e c o m b in a t io n  r e a c t i o n  w i th  t h e  s o lv e n t  v i s c o s i t y  u s i n g  a v a lu e  o f  
a lp h a  eq u a l  0 . 5 . F ig u r e s  2“f2 and 2-5 show t h a t  t h e  r a t e  c o n s t a n t  
f o r  f l u o r e s c e n c e  quenching  obeys the  l i n e a r  r e l a t i o n s h i p  p r e d i c t e d  
by eq 2 -27  when a lp h a  e q u a l s  0 . 5 . ^  Thus,  as a f i r s t  ap p ro x im a t io n ,  
we w i l l  a s s i g n  t h i s  v a lu e  to  O' i n  eq 2-2h .  We, t h e r e f o r e ,  w r i t e
*This  boundary c o n d i t i o n  has  been c r i t i c i z e d .  See r e f  , page I 5 7 .
■^ The f u n c t i o n  p l o t t e d  on th e  abcissa.  o f  t h e s e  f i g u r e s  i s  (1  / T|)^ 
r a t h e r  than  (Av /Tj)O' because  t h e  l a t t e r  d a t a  are  no t  a v a i l a b l e .  We 
have n o t  found any c a s e s  where one o f  t h e s e  f u n c t i o n s  g ives  a 
l i n e a r  c o r r e l a t i o n  and th e  o t h e r  does n o t .
F igure  2~ 2. Quenching c o n s t a n t  as a f u n c t i o n  o f  v i s c o s i t y  i n  t h e  
U ra n in - A n i l i n e  sys tem a t  2 5 - 5°  C . 15c 
S u c ro se -w a te r  s o l u t i o n  
G l y c e r o l - w a t e r  s o l u t i o n  
U n i t s :
l i t e r s / m o l e  
T] ; p o i s e  
Sca le  f a c t o r :
! x k Q
1  X ( 1 / T 1 ) °  * 5
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□ -  Sucrose— water 
O - Glycerin- water
1 2
1 0
4
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( 1/ 7 7 )0.5
F ig u r e  2- 3 , Rate c o n s t a n t  f o r  quenching th e  t r i p l e t - s t a t e  of  
va le rophenone  by 2 55" d in ie th y l -2 , l | - h e x a d ien e ,  as a 
f u n c t i o n  o f  th e  s o lv e n t  v i s c o s i t y . 16 
U n i t s :
k^M“ 1Sec" 1 
7] p o i s e  
S c a le  f a c t o r :
10' 1OkQ 
1 X (1/T1)0 *5
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1.6
1.2
>
O
x 0.8 
O
0.4
0 2 6 1.0 1.4 1.8 2.2
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t h e  e x p r e s s i o n  f o r  t h e  number o f  c o l l i s i o n s  p e r  cage  a s :
Ze '  i  ) ° ' 5 ( 2 - 2 8 )
F ig u r e s  2 -2  and 2-3 do n o t  r e p r e s e n t  i s o l a t e d  examples;  
however ,  one type  of  quenching does no t  seem t o  be c o r r e l a t e d  by 
eq 2-27 .  Some d a t a  in  th e  l i t e r a t u r e  on f l u o r e s c e n c e  quenching  by 
oxygen do n o t  g ive  a l i n e a r  c o r r e l a t i o n  r e g a r d l e s s  o f  t h e  va lue  
chosen f o r  a lp h a .  With some o t h e r  d a t a  f o r  oxygen, a lp h a  equa l  to
O.5  was v a l i d  a t  low v i s c o s i t i e s ,  and a lp h a  equa l  to  1 .0  was v a l i d  
a t  h igh  v i s c o s i t i e s . 1 3 ’ 14 This d isag reem en t  i s  p ro b a b ly  caused  by 
t h e  smal l  s i z e  o f  th e  oxygen m olecu le  as compared w i th  t h e  s o lv e n t  
m o le c u le s .  Any c o r r e l a t i o n s  between m acroscop ic  v i s c o s i t y  and r e ­
s i s t a n c e  to  d i f f u s i o n  can be expec ted  to  become poor as  t h e  s o l v e n t  
m olecu les  become very  much l a r g e r  th a n  t h e  d i f f u s i o n  s p e c i e s .  For 
example,  s o l u t i o n s  which c o n t a i n  l a r g e  p r o p o r t i o n s  o f  long  c h a in  
hydrocarbons  o r  polymers w i l l  o f f e r  a  h ig h  r e s i s t a n c e  t o  th e  passage  
o f  m acroscopic  bod ie s  ( e . g . ,  th e  s t e e l  b a l l s  used i n  some v i s c o s i t y  
measurements}  b u t  c o n s i d e r a b l y  l e s s  r e s i s t a n c e  to  t h e  p a s sa g e  o f  
m olecu les  which a r e  smal l  compared to  th e  s i z e  of  t h e  c h a i n s .  An 
extreme example of  t h i s  l a ck  o f  c o r r e l a t i o n  between d i f f u s i o n  and 
v i s c o s i t y  i s  g e l a t i n  which has a h igh  m acroscop ic  v i s c o s i t y ,  but 
in  which t h e  r a t e  c o n s t a n t  o f  t r i p l e t  decay i s  t h e  same as  i n  w a t e r .  
In  t h i s  c a s e ,  th e  e x c i t e d  s p e c i e s  and t h e  quencher  m o lecu le s  a re  
a b le  t o  d i f f u s e  th rough  th e  w a te r  and around t h e  l a r g e  p r o t e i n  
m o l e c u l e s . 15a
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RECOMBINATION IN THE CAGE:
In o r d e r  t o  deve lop  a model f o r  cage  r e c o m b in a t io n ,  l e t  
us  t a k e  two spheres  o f  d i a m e te r  <z, each c o n t a i n i n g  one r e a c t i v e  
m o le c u le ,  and move them t o g e t h e r  u n t i l  th e y  form a f a t ,  sau sag e ­
shaped c a v i t y  w i t h i n  t h e  s o l v e n t .  The d imens ions  o f  t h i s  c a v i t y  
a r e  de te rm ined  by bo th  th e  r e a c t i n g  m o lecu le s  and th e  s o l v e n t .
For  each s o l v e n t  t h e r e  i s  a pa ram e te r  a., th e  e f f e c t i v e
d i a m e te r  o f  t h e  s o l v e n t  m o le c u le s .  I f  they  a re  s t r i c t l y  a r ranged
l i k e  c lo se -p a c k e d  s p h e r e s ,  t h e n 12
a = (n F ) 1 / 3  (2 _ 2 9 )
where M i s  th e  m o le c u la r  w e i g h t ,  _6 i s  th e  d e n s i t y  and N i s  Avo-
g a d r o ' s  number. In  th e  s p h e r i c a l  model f o r  d i f f u s i o n ,  we were 
concerned  on ly  w i th  the  movement o f  th e  c e n t e r  mass o f  th e  mole­
c u le ,  and t h e  d ia m e te r  o f  th e  cage  was c o n s id e r e d  i d e n t i c a l  t o  ja.
We must now c o n s i d e r  th e  volume o f  th e  cage, and i t  i s  a p p a ren t  
t h a t  th e  t r u e  d ia m e te r  o f  t h e  s p h e re  i s  (a  + d ) ,  where d^ i s  th e  
d i a m e te r  o f  t h e  m olecu le  w i t h i n  i t .  The p r o l a t e  s p h e r io d  formed 
by c o a l e s c i n g  two spheres  o f  d i a m e te r  a + d w i l l  have a m ajor  a x i s  
e q u a l  t o  2 ( a  + d) and a minor a x i s  eq u a l  t o  (a  + d ) .  The volume 
o f  such a  s o l i d  i s  g iven  by
V = k / 3  (a  + d ) ( ^ - t j i ) 2
C l a s s i c a l  c o l l i s i o n  th e o r y  p r e d i c t s  t h a t  th e  number of  
e f f e c t i v e  c o l l i s i o n s  be tween two m olecu le s  w i t h i n  such a volume 
w i l l  b e 17
where JP i s  t h e  p r o b a b i l i t y ,  o r  s t e r i c  f a c t o r ,  and E  ^ i s  t h e  energy 
o f  a c t i v a t i o n  f o r  re c o m b in a t io n .  In  a l l  th e  f o l l o w i n g  c a l c u l a t i o n s ,  
E  ^ w i l l  be assumed to  be z e r o ,  but i t  w i l l  be r e t a i n e d  i n  the  
e q u a t i o n s  f o r  p o s s i b l e  use  in  th e  f u t u r e .
Equa t ion  2-30 can be combined w i th  eq 2-28 to  g ive  the  
d e s i r e d  r a t i o  o f  r a t e  c o n s t a n t s .
t h e  change  in  s u r f a c e  a r e a  when th e  two sphe res  were j o i n e d  to  form 
a p r o l a t e  s p h e r o i d ,  f o r  t h e  l o s s  o f  c o l l i s i o n s  w i th  t h e  w a l l s  due 
t o  c o l l i s i o n s  between th e  two cage p a r t n e r s ,  and f o r  the  f a c t  t h a t  
t h e r e  a r e  now two m o lecu le s  c ap a b le  of d i f f u s i n g  ou t  o f  t h e  cage .  
The s u r f a c e  o f  t h e  p r o l a t e  s p h e r o id  i s  l . h  t imes  as  l a r g e  as th e  
s u r f a c e  a r e a  o f  t h e  two sphe res  from which i t  was formed. This  
f a c t o r  w i l l  t end  t o  compensate  f o r  t h e  l o s s  in  c o l l i s i o n s  w i th  t h e  
w a l l  because  o f  c o l l i s i o n s  between t h e  cage p a r t n e r s .  We w i l l  
assume t h a t  t h e s e  two f a c t o r s  c a n c e l  one a n o th e r .
The p r o b a b i l i t y  o f  d i f f u s i o n  o f  one m olecu le  from a cage 
which c o n t a i n s  two m olecu les  i s  tw ice  t h e  p r o b a b i l i t y  o f  d i f f u s i o n  
from a cage  c o n t a i n i n g  a s i n g l e  m o lecu le .  We w i l l ,  t h e r e f o r e ,  t e n ­
t a t i v e l y  a s s i g n  £  a v a lu e  of  2 . 0 .
k-1 Z'-1
k2 Ze
A c o r r e c t i o n  f a c t o r ,  _g, has  been in c lu d e d  to  account  f o r
An a l t e r n a t i v e ,  and e q u a l l y  s a t i s f a c t o r y ,  approach  t o  
t h e  use  o f  eq 2-31 would be to  de te rm ine  t h e  v a lu e  of  P /g  from one 
p a i r  o f  k ^/k^, and (T|/Av ) a  v a lu es  and then  t o  use  th e  e q u a t i o n  to  
p r e d i c t  th e  v a r i a t i o n  o f  k ^ /k^  as th e  t e m p e ra tu re  a n d /o r  t h e  v i s ­
c o s i t y  changes .
I n h e r e n t  in  t h i s  model i s  t h e  assumption  t h a t  t h e r e  a re  
no s o l u t e - s o l v e n t  i n t e r a c t i o n s .  For t h i s  r e a s o n ,  s a t u r a t e d  a lk an es  
a r e  t h e  p r e f e r r e d  s o l v e n t s .
APPLICATION OF THE MODEL:
The most r e l i a b l e  d a t a  a v a i l a b l e  on geminate  recombina­
t i o n  in  a s e r i e s  o f  n - a l k a n e s  a r e  th o s e  o f . J . C .  M ar t in  on th e  r e ­
com bina t ion  o f  ace toxy  r a d i c a l s , 18 Before  eq 2-32 can be a p p l i e d  
to  t h i s  sys tem,  v a lu e s  of  d., t h e  d ia m e te r  o f  th e  ace to x y  r a d i c a l ,  
and _P, t h e  s t e r i c  f a c t o r ,  must be chosen .
E i r i c h  has  c a l c u l a t e d  th e  d ia m e te r  o f  t h e  ace toxy  r a d i c a l  
t o  be 3*6 A, and we s h a l l  use  h i s  v a l u e .  _P i s  r e l a t e d  t o  t h e  p rob ­
a b i l i t y  t h a t  t h e  two f ragm ents  w i l l  c o l l i d e  w i th  t h e  c o r r e c t  geo­
metry  f o r  r e c o m b in a t io n .  I f  t h e  ace toxy  r a d i c a l s  a r e  c o n s id e re d  
t o  be s p h e r e s ,  then  about 2 /3  o f  each sphere  i s  r e a c t i v e .  This  
would lead  to  a p r o b a b i l i t y  o f  A/9 that, any given  c o l l i s i o n  would 
have t h e  d e s i r e d  geometry i f  t h e  r e a c t i o n  was c o m p le te ly  random. 
However, th e  r e a c t i o n  i s  not. c o m p le te ly  random. I t  has  been shown19
1C: 4
t h a t  o p t i c a l l y  a c t i v e  r a d i c a l s  do not g ive  racemic. cage p r o d u c t s ,  
even though th e  f r e e  s o l u t i o n  p ro d u c t  i s  racem ic .  This  be ing  th e  
c a s e ,  we a r e  f r e e  t o  choose any r e a s o n a b le  v a lu e  o f  P g r e a t e r  than  
h / 9 .  Tab le  2-1 shows th e  r e s u l t s  w i th  P eq u a l  2 / 3 . The r e s u l t s  
a r e  q u i t e  enco u rag in g .
T a b l e  2-1 . C a l c u l a t e d  and 
x i d e  a t  80° C.
O b s e r v e d  V a l u e s o f  f  f o r  r A c e t y l P e r o -
(V A v ) ° ‘ 5 *
f
S o l v e n t aa — c a l c . ob s d  —
" i s o e c t a n e " 7-1*8 k I+.3 I+ O.3 6 O .36
d o d e c a n e 8 .2 8  A 7 . 2 6 0 . 1+6 0.1+3
o c t a d e c a n e 9 .30  A 11 .20 0 .5 4 O . 5I
(a )  C a l c u l a t e d  from d a t a  o b t a i n e d  from r e f .  20 u s in g  eq 2-29.
(b)  C a l c u l a t e d  from d a t a  in  r e f .  18; see  Table  1-3-
(c )  Reference  16.
One u s e f u l  f e a t u r e  o f  t h i s  model f o r  reco m b in a t io n  i s  
t h a t  th e  m ajor  a x i s  o f  the  s p h e r o id  can be i n c r e a s e d  to  s tudy  th e  
e f f e c t  o f  p roduc ing  t h e  gemina te  r a d i c a l s  s e p a r a t e d  by v a ry in g  
d i s t a n c e s .  An i n t e r e s t i n g  system f o r  s tu d y in g  t h i s  e f f e c t  has  been 
r e p o r t e d  by T r a y l o r  and K i e f e r . 21 In  t h i s  system., tybu ioxy  r a d i -  
c a l s  a r e  g e n e r a te d  s i d e  by s i d e  from _ t -bu ty l  p e r o x i d e ,  w i th  one 
n i t r o g e n  m olecu le  i n t e r v e n i n g  from d i - j t -b u £ y l  h y p o n i t r i t e  (BBH) , 
and w i th  two C02 m o lecu les  i n t e r v e n i n g  from d i - t y b u t y l  p e ro x y o x a la te  
(DBPO). I t  i s  g e n e r a l l y  assumed t h a t  d i f f u s i o n  of  C02 o r  N2 out o f  
th e  cage i s  h i g h l y  e f f i c i e n t  and t h a t  they  do no t  i n t e r f e r e  w i th  
c o l l i s i o n s  o f  t h e  geminate  p a i r . 11
10 f;
From t a b l e s  o f  bond l e n g t h s ,  th e  e f f e c t i v e  d ia m e te r  o f  
t h e  t>bu toxy  r a d i c a l  i s  e s t i m a te d  t o  be 8 A, and P i s  s e t  eq u a l  to  
1 /16 .  A comparison of  T r a y l o r ' s  observed  v a lu e s  o f  f  f o r  di-_t-  
butyl p e ro x id e  w i th  th e  v a lu e s  c a l c u l a t e d  from eq 2 -3 2  a r e  shown 
below.
f_________ r _______
o bsd 2-1 c a l c
pen tane  0 .0 6 6  0 . 0 4
" i s o o c t a n e "  0 .1 2  0 .1 1
In o r d e r  t;o app ly  eq 2-32 t o  t h e  decom pos i t ion  o f  d i - t -  
b u t y l  h y p o n i t r i t e ,  i t  must be r e w r i t t e n .
^  1 I i 2  ^ ^  i /F .T  „ nA = p  cA a e il-L______
k2 /ST (a  + d ) 2(a  + d + c) W
The m a jo r  a x i s  o f  t h e  p r o l a t e  sp h e ro id  has  been i n c r e a s e d  by th e  
d i s t a n c e  2c ,  where £  i s  o n e - h a l f  th e  d i s t a n c e  s e p a r a t i n g  t h e  two 
r e a c t i v e  f ragm ents  w i t h i n  t h e  cag e .  For d i ^ t - b u t y l  h y p o n i t r i t e ,  £  
e q u a l s  1.58 A, h a l f  the  d ia m e te r  o f  a n i t r o g e n  m o le c u le ,  and eq 
2~33 g iv e s  th e  fo l l o w i n g  r e s u l t s :
f---------------r ------------
S o lv e n t  obsd 21 ca2/
p en tan e  0 .0 3 7  0 .0 6 0
" i s o o c t a n e "  O.O98  0 .1 0 2
o c tad ecan e  0 .3 0  0 .2 3
For di-jfc-butyl p e r o x y o x a l a t e , £  e q u a ls  It. 6 As t h e  d ia m e te r  
o f  one C02 m o le c u le ,  and eq 2-33 g iv e s  t h e  f o l lo w in g  r e s u l t .
1.06
f________ r_______
Solvent obsd21 calc
pentane 0 .039 O.O5I
"isooctane" 0 .0 8 6  0 .0 8 8
The agreement between the experimental and calculated 
values of f in this system is quite encouraging. One important 
limitation of this model is that it must be applied to systems in 
which the only processes destroying the geminate pair are recombin- 
ation and diffusion. If disproportionation of the pair or fragment­
ation of one member of the pair is important, then this treatment 
will give spurious results. But even these spurious results can be 
useful, because a comparison between the calculated and observed 
values of f can indicate the importance of reactions other than 
recombination within the cage.
In these laboratories, the relative fraction of cage 
return for t_-butyl peroxide in decane has been determined to be 
1: :0.92: :0.52 at 8CP, 100°, and I3O0 . 22 The values calculated using 
eq 2-32 are 1: : 0 .9 3: :0 . 81. The close agreement between the caleu- 
lated and observed values at 80° indicates that the treatment is 
valid. The difference between the values at I3O0 may indicate that 
at this temperature a considerable fraction of the geminate pairs 
is being destroyed by disproportionation or g-scission. It is 
reasonable to expect disproportionation and g-scission to become 
more important at higher temperatures since they have a higher 
activation energy than does recombination.
CONCLUSIONS:
V i s c o s i t y  and d i f f u s i o n  a re  r e l a t e d  by th e  e q u a t io n
D = Ad (Av /'H-)<V
When the diffusing molecules are much larger than the solvent mole­
cules, the Stokes-Einstein equation predicts that alpha will be 
unity. Alpha is expected to be a function of the size and shape 
of both the solvent and solute molecules as well as the extent of 
molecular interactions between them. Alpha can be determined ex­
perimentally.
We have considered geminate recombination as a competi­
tion between diffusion out of a cavity in the solvent and reaction 
within the cavity. This simple model is useful in evaluating the 
influence of temperature, viscosity, and the initial separation of 
the geminate pair upon the probability of cage recombination.
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THE REACTION OF ARYL RADICALS WITH DISULFIDES. 
A STUDY OF THE MECHANISM AND TRANSITION-STATE 
GEOMETRY OF BIMOLECULAR DISPLACEMENT REACTIONS.
INTRODUCTION
The geometry o f  t h e  t r a n s i t i o n  s t a t e  i n  n u c l e o p h i l i c  and 
e l e c t r o p h i l i c  d i sp lacem en t  r e a c t i o n s  has been e s t a b l i s h e d .  Nucleo­
p h i l i c  d i s p l a c e m e n t s ,  S^ 2  r e a c t i o n s ,  in v o lv e  b a ck s id e  a t t a c k . 1
E l e c t r o p h i l i c  d i s p l a c e m e n t s ,  S 2 r e a c t i o n s ,  on t h e  o t h e r  hand ,  f r e -
£
q u e n t ly  proceed  by f r o n t s i d e  a t t a c k . 2 In  c o n t r a s t  t o  t h e s e  two
th o ro u g h ly  s t u d i e d  r e a c t i o n s ,  t h e  geometry o f  t h e  t r a n s i t i o n  s t a t e
in  r a d i c a l  d i s p l a c e m e n t s ,  S 2 r e a c t i o n s ,  i s  unknown. I t  cou ld  in -
H
v o lv e  a t t a c k  from th e  b a c k s i d e ,  as in  t h e  S„2 Walden i n v e r s i o n  
mechanism, o r  from th e  f r o n t  o r  from th e  s i d e .
There  have been many a t t e m p t s  made to  c a l c u l a t e  t h e  t r a n s ­
i t i o n  s t a t e  geometry o f  S 2 r e a c t i o n s  from t h e o r e t i c a l  c o n s i d e r a -H
t i o n s .3 For t h e  r e a c t i o n  o f  a  hydrogen r a d i c a l  w i th  a hydrogen mole­
c u l e ,  some s t u d i e s  have  i n d i c a t e d  t h a t  a l i n e a r  t r a n s i t i o n  - s t a t e  i s  
in v o lv e d 33  5^
H* + H-H - H---H--H - H-H + H- (3“ l )
bu t  o t h e r  r e s u l t s  by K arp lus  f a v o r  a n o n l i n e a r  t r a n s i t i o n  s t a t e
w i th  an av e rag e  a n g le  o f  a t t a c k  o f  1 7 0 -1 5 0 ° .3C Conclus ions  from
th e  t h e o r e t i c a l  t r e a t m e n t  o f  more complex r e a c t i o n s  a r e  u n c e r t a i n
because  o f  t h e  m a th e m a t i ca l  d i f f i c u l t i e s  i n v o l v e d . 3^
A ttem pts  t o  d e te rm in e  t h e  geometry o f  t h e  t r a n s i t i o n
s t a t e  f o r  S^2 r e a c t i o n s  e x p e r i m e n t a l l y  have been u n s u c c e s s f u l .  An
un eq u iv o ca l  s o l u t i o n  t o  t h i s  problem cou ld  be o b ta in e d  by s tu d y in g
an S 2 d i s p la c e m e n t  a t  an asymmetr ic  c e n t e r .  Such a s tudy  was r e -  
£1
p o r t e d  by Ogg and P o la n y i  i n  1935*4 They found t h a t  o p t i c a l l y
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a c t i v e  s e c - b u t y l  i o d id e  racem izes  when h e a te d  in  t h e  gas phase  a t  
200-280° .  They concluded t h a t  t h e  mechanism in v o lv ed  b a c k s id e  
a t t a c k  on t h e  a l k y l  i o d i d e  by i o d i n e  r a d i c a l s .
I '  + (+ ) - R - I  -* ( - ) - R - I  + I* (3 -2 )
However, Benson has  r e c e n t l y  shown t h a t  t h i s  mechanism i s  i n c o r ­
r e c t . 5 The io d i n e  r a d i c a l  a t t a c k s  t h e  a l k y l  i o d i d e  to  a b s t r a c t
an io d i n e  atom and to  form an a l k y l  r a d i c a l  which r a c em iz e s .
I -  + ( + ) - R - I  -  ( + ) - R ‘ + I 2
(+)-R- ss ( - ) - R '
(+)-R* • + I a -* (+)■— R— I  ■ + I '  •
D isp lacem ent  on o p t i c a l l y  a c t i v e  carbon  by e n e r g e t i c  t r i ­
t i u m 6 o r  c h l o r i n e 7 a toms,  a c t i v a t e d  by n u c l e a r  r e c o i l ,  has  been
'/<
shown to  o c cu r  w i t h  e s s e n t i a l l y  comple te  r e t e n t i o n  o f  o p t i c a l  a c t i ­
v i t y .  The g e n e r a l i t y  o f  t h i s  r e s u l t  i s  unknown however,  s i n c e  
t h e s e  r e c o i l  a c t i v a t e d  atoms have 2 t o  10 ev o f  k i n e t i c  energy .
D i r e c t  p r o o f  t h a t  t h e  S 2 r e a c t i o n  in v o lv e s  b a ck s id e  a t -  
t a c k  w i l l  n o t  be p o s s i b l e  u n t i l  an unambiguous example of  a r a d i c a l  
d i s p la ce m e n t  a t  an asymmetric c e n t e r  i s  found. However, i t  might 
be p o s s i b l e  t o  o b t a i n  i n d i r e c t  ev idence  on t h i s  problem by s tu d y in g
th e  s e n s i t i v i t y  o f  S„2 r e a c t i o n s  t o  s t e r i c  e f f e c t s .  The S„2 r e -H N
a c t i o n  has  a ve ry  c h a r a c t e r i s t i c  r a t e  p r o f i l e  as  t h e  s i z e  o f  th e  R 
group i s  v a r i e d .  For example ,  P. D. B. de l a  Mare has r e p o r t e d  
th e  r e l a t i v e  r a t e  o f  s u b s t i t u t i o n  o f  i s o t o p i c  bromide f o r  bromine 
i n  a s e r i e s  o f  (3-branched a l k y l  b r o m i d e s .8
The r a t e  o f  t h i s  exchange i s  e x t re m e ly  s e n s i t i v e  to  the  s i z e  o f  
t h e  R group ,  s i n c e  t h e  a t t a c k i n g  n u c l e o p h i l e  must push p a s t  th e  R 
group in  o r d e r  t o  approach  t h e  C-Br bond from th e  b a c k s id e .  The 
d a t e  in  Tab le  J - l  i l l u s t r a t e  t h e  s e n s i t i v i t y  o f  S^2 r e a c t i o n s  t o  
s t e r i c  h i n d e r a n c e  a t  t h e  r e a c t i o n  s i t e .
T ab le  R e l a t i v e  Rate C o n s tan ts  f o r  t h e  R eac t io n  of  Radio-
______________Bromide w i th  A lky l  Bromides in  Acetone  a t  25° . 5_______
Rel Rate
R i n  RBr Cons tan t
Methyl 7 6 .0
Ethy l 1 .0
n -P ro p y l 0 .6 5
I s o p ro p y l 0 . 0 1 1
_t-Butyl 0 . 0 0 5
Neopenty l 1 . 5  x 10
I f  S^2 r e a c t i o n s  o ccu r  by b a c k s id e  a t t a c k ,  then  they  
shou ld  have a r a t e  p r o f i l e  s i m i l a r  to  t h a t  shown i n  Table  J - l .
In  I 9 6 I ,  Noyes and c o w o rk e r s 6 r e p o r t e d  t h e  d e t e r m i n a t i o n  of t h e  
r a t e - s t r u c t u r e  p r o f i l e  f o r  th e  r e a c t i o n  o f  r a d i o - i o d i n e  w i th  a 
s e r i e s  o f  a l k y l  i o d i d e s .  They s t u d i e d  t h e  r e a c t i o n s  in  th e  l i q u i d  
p h a s e ,  b o th  degassed  and in  t h e  p re s e n c e  o f  oxygen. They reasoned  
t h a t  in  t h e  p r e s e n c e  o f  oxygen, exchange could  o ccu r  on ly  by d i r e c t
s u b s t i t u t i o n  a t  carbon  by th e  r a d i o - i o d i n e  b ecause  oxygen would 
scavenge any f r e e  a l k y l  r a d i c a l s .
12* -  2 1 ’*
I* + RI -* R* + I - 1 *
R* + 02 -* R02 ‘ -* o t h e r  p ro d u c ts
I - *  + RI -* RI + I -
They found t h e  r a t e - s t r u c t u r e  p r o f i l e  shown i n  Table  5"2;  t h i s  i s  
o b v io u s ly  no t  t h e  same p r o f i l e  as fo l low ed  by t h e  S^2 r e a c t i o n  
(Tab le  3 - 1 ) .
Table  3“ 2. R e l a t i v e  Rate  C o n s ta n t s  f o r  t h e  Exchange o f  Io d in e  Atoms.—
R in  RI
r e l  r a t e  , bc o n s t a n t  —
Methyl 1 .0
E thy l 1 .8
Neopenty l 2 . k
Propyl 11.1
I s o p r o p y l 2 8 . 2
( a )  Data o f  Noyes,  r e f  9*
(b)  R e l a t i v e  r a t e  c o n s t a n t s  in  t h e  p re s e n c e  o f  oxygen a t  160°.
These d a t a  a r e  most e a s i l y  e x p l a i n e d  i f  t h e  i o d i n e  atom a t t a c k s  th e  
a l k y l  i o d i d e s  on i o d i d e .
I - *  + RI -» [ I* -----1----- R]* -4 I * - 1  + R* (3 -4 )
I f  a r e a c t i o n  p roceeds  th ro u g h  a  t r a n s i t i o n  s t a t e  l i k e  t h e  one shown
mabove, th e n  i t  w i l l  p roceed  more r a p i d l y  as t h e  s t a b i l i t y  o f  th e  
r a d i c a l  R i s  i n c r e a s e d .  This  i s  e x a c t l y  t h e  t r e n d  shown by the  
d a t a  i n  Tab le  3 -2 .
R ad ica l  d i sp la c e m e n t s  on t e t r a h e d r a l  carbon  atoms do 
o c c u r ,  b u t  no t  in  any systems t h a t  w i l l  c o n v e n ie n t ly  y i e l d  in fo r~  
mat ion  about t h e  t r a n s i t i o n  s t a t e  geometry .  In  most sy s tem s ,  d i s ­
p lacem ents  on carbon  cannot  compete w i th  atom a b s t r a c t i o n .  However, 
d i s p la c e m e n t s  on t h e  S-S and th e  0-0  bond do occur  a t  r a t e s  t h a t  
a r e  c o m p e t i t i v e  w i th  atom a b s t r a c t i o n .
The induced decom pos i t ion  of  benzoyl  p e ro x id e  i s  one 
example o f  an S 2 r e a c t i o n  on an 0 -0  bond. This  r e a c t i o n  i s  known 
to  proceed  v i a  d i r e c t  d i sp la ce m e n t  on th e  p e ro x id e  oxygen because 
t h e  c a rb o n y l  oxygen of  0-18 l a b e l e d  p e ro x id e  r e t a i n s  i t s  i d e n t i t y  
i n  th e  e s t e r  p r o d u c t . 10 >11
0* o* 0*
t t  f t  M
R- + Ph-C-O-O-C-Ph -* R-O-C-Ph + PhC02* (3"5)
The d i s u l f i d e  bond i s  even more r e a c t i v e  th a n  th e  pe rox ide  
bond. For example,  P ry o r  and P l a t t 12a have r e p o r t e d  t h a t  50°/o o f  t h e  
r a d i c a l  a t t a c k  on J t -b u ty l  d i s u l f i d e  occu rs  a t  t h e  S-S bond; bu t  th e  
0 -0  bond in  j : - b u t y l  p e ro x id e  i s  no t  a t t a c k e d  by r a d i c a l s ,  12b
The s t e r e o c h e m ic a l  r e q u i r e m e n ts  f o r  io n i c  d isp lacem en t  
r e a c t i o n s  a t  d i v a l e n t  s u l f u r  a r e  ve ry  s i m i l a r  to  th o s e  found f o r  
d i s p l a c e m e n t s  a t  ca rb o n .  This  s i m i l a r i t y  has  been dem ons t ra ted  by 
Fava and c o w o r k e r s . 13’ 14 They compared th e  r a t e - s t r u c t u r e  p r o f i l e  
f o r  t h e  S^2 d i s p la c e m e n t  on carbon  w i th  t h a t  on s u l f u r  f o r  t h e  two 
r e a c t i o n s  shown below.
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r- s- so3“ + S03= -* r- so3" + so3“ (3-6)
RS-SR + RS -* RS-SR + RS_ (3 -7 )
Table  3 - 3  shows t h a t  t h e  r a t e - s t r u c t u r e  p r o f i l e s  a re  v e r y ' s i m i l a r < f o r  
a l l  t h r e e  o f  t h e s e  n u c l e o p h i l i c  d i s p l a c e m e n t s .
Table  3-3. A Comparison o f  
a t  Carbon.
th e  Rate o f S„2 R eac t ions  N a t  S u l f u r  and
R e l a t i v e Rate  C ons tan ts
R RCH2-Br - RS-■so3= - RS-SR -
Methyl 100 100 —
E thy l 65 50
Butyl - - - - to
I s o p r o p y l 3.3 0 .7
t> Buty l 15 x 10“ 4 6.0 x 10“ 4 0.15 x 10“ 4
( a )  Ref 8 .  N u c le o p h i l e  i s  Br* ._
(b) Ref I 3 . N u c le o p h i l e  i s  §03 .
(c )  Ref l h .  N u c le o p h i l e  i s  §R“ .
From th e  c l o s e  c o r r e l a t i o n  between th e  r a t e - s t r u c t u r e  p r o f i l e s  f o r  
t h e s e  t h r e e  r e a c t i o n s ,  Fava concluded  t h a t  n u c l e o p h i l i c  d i s p l a c e ­
ment r e a c t i o n s  on s u l f u r  i n v o lv e  b a ck s id e  a t t a c k  and a 3“ a tom s- in -  
a - l i n e  t r a n s i t i o n  s t a t e .  I f  t h e  ang le  o f  a t t a c k  of  t h e  n u c l e o p h i l e  
r e l a t i v e  t o  t h e  l i n e  o f  d e p a r t u r e  o f  th e  l e a v i n g  group was n o t  the  
same f o r  t h e s e  t h r e e  r e a c t i o n s ,  th e n  th e  c l o s e  p a r a l l e l  between the  
r a t e  and s t e r i c  f a c t o r s  would no t  be ex p ec te d .
In  1964, P ry o r  and Guard de te rm ined  th e  r a t e - s t r u c t u r e  
p r o f i l e  f o r  t h e  r e a c t i o n  o f  phenyl r a d i c a l s  a t  t h e  S-S bond of  a 
s e r i e s  o f  d i s u l f i d e s . 15
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Ph- + RS-SR -  PhSR + RS • ( 3 - 8 )
They o b ta in e d  r e l a t i v e  r a t e  c o n s t a n t s  o f  
Methyl 100
E th y l  55
Propy l  52
I s o p r o p y l  11
_t-Butyl 0 .7 4
I t  i s  obvious  t h a t  t h i s  r e a c t i o n ,  eq 3“ 8 3 i s  no t  as s t r o n g l y  i n ­
f lu e n c e d  by s t e r i c  h in d e r a n c e  a t  t h e  r e a c t i o n  s i t e  as  a r e  t h e  S„2 J N
r e a c t i o n s ,  eq s .  J-6  and 3“7- N e v e r t h e l e s s ,  P ryo r  and Guard con­
c luded  t h a t
" . . . a l t h o u g h  th e  S„2 r e a c t i o n  has a compressed
n
r e a c t i v i t y  s c a l e ,  t h e  t r a n s i t i o n  s t a t e s  of  the
S„2 and t h e  S„2 r e a c t i o n s  of t h e s e  d i s u l f i d e s  N H
a re  e x t re m e ly  s i m i l a r . " 15
This  c o n c lu s io n  was based  on th e  l i n e a r  c o r r e l a t i o n s  
shown by a  l o g - l o g  graph  o f  t h e  r e l a t i v e  r a t e s  of  S 2 on s u l f u r  
v e r s u s  t h e  r e l a t i v e  r a t e s  f o r  S^2 on carbon  and s u l f u r .  This  graph 
i s  shown in  F ig  3“ 1-
The purpose  o f  t h i s  p r e s e n t  s tudy  i s  to  re -exam ine  th e  
a t t a c k  o f  phenyl r a d i c a l s  on d i s u l f i d e s ,  to  s tudy  t h e  a t t a c k  of  
£ - n i t r o p h e n y l  r a d i c a l s  on d i s u l f i d e s ,  and to  examine c r i t i c a l l y  th e  
s i g n i f i c a n c e  o f  a l i n e a r  l o g - l o g  r e l a t i o n s h i p  between t h e  r a t e  con­
s t a n t s  f o r  two r e a c t i o n  s e r i e s .
F ig u re  3~ Log- log  graph o f  r e l a t i v e  r a t e s  f o r  S^2 r e a c t i o n s  on 
ca rbon  (upper end of  b a r ) v and s u l f u r  ( lower  end of 
b a r )  v e r s u s  k g / k ^  f or  t h e  r e a c t i o n  of  phenyl r a d i c a l s  
w i th  d i s u l f i d e s  in  th e  p re s e n c e  o f  carbon  t e t r a c h l o r i d e .  
Data  o f  P ry o r  and G u a rd .12
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METHOD
The method of  t h i s  s tudy  was the  u s u a l  o n e 1 5 ’ 1 6 ’ 17 of  
g e n e r a t i n g  r a d i c a l s  in  a m ix tu r e  o f  a d i s u l f i d e  and CC14 and 
s t u d y in g  t h e  c o m p e t i t io n  between c h l o r i n e  a b s t r a c t i o n  from carbon 
t e t r a c h l o r i d e ,  hydrogen a b s t r a c t i o n  from th e  d i s u l f i d e ,  and d i s ­
p lacement  a t  th e  s u l f u r - s u l f u r  bond. Phenyl r a d i c a l s  were g e n e ra te d  
from p h e n y la z o t r ip h e n y lm e th a n e  (PAT) and j> -n i t ro p h en y l  r a d i c a l s  from 
p - n i t r o p h e n y l a z o t r i p h e n y l m e t h a n e  (NAT). The f o l lo w in g  r e a c t i o n  
scheme i s  p roposed:
Scheme J - l
Ar-N=N-T -> Ar- + N2 + T- 1
kHAr- + RSSR — — > RSSR- + ArH 2
Ar- + RSSR -* RS- + ArSR 3
k ClAr- + CC14 — - — > ArCl + -CCl3 k
T- + (RS*, RSSR-, -CC13 ) -* NRP(QH) 5
T- + Ar- -♦ NRP(QH) 6
Ar- + RS- -• ArSR 7
Ar • + QH -* ArH 8
where T- i s  t h e  t r i t y l  r a d i c a l ,  NRP i s  any n o n - r a d i c a l  p r o d u c t ,
/
RSSR- i s  t h e  d i s u l f i d e  minus a hydrogen atom, and QH i s  any hydrogen 
donor  formed in  t h e  sys tem.
We have c a l c u l a t e d  th e  r a t e  a t  which a r y l  r a d i c a l s  a t t a c k  
t h e  d i s u l f i d e  s u l f u r  r e l a t i v e  to  t h e  r a t e  a t  which they  a b s t r a c t
c h l o r i n e  from carbon  t e t r a c h l o r i d e  by a n a ly z in g  f o r  t h e  f i n a l  y i e l d
o r  a r y l  s u l f i d e  and a r y l  c h l o r i d e .  This  method o f  c a u c u l a t i n g
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r e l a t i v e  r a t e  c o n s t a n t s  has  been e x t e n s i v e l y  used and i s  based  on
th e  f o l lo w in g  c o n s i d e r a t i o n s .  The r a t e  o f  fo rm a t io n  o f  ArSR i s
g iven  by
= kg [Ar • ] [RSSR] + k 7 [Ar • ] [RS • ] ( 3 - 9 ).
and t h e  r a t e  o f  ArCl f o r m a t io n  by
= kc l [A r- ] [C C l4 ] (3 -10)
Eq 3~9 d iv id e d  by eq 3 -1 0  g iv e s  ,
dArSR == kS [RSSRl k 7 fRS-1 
dArCl kCl kc i  0C l4 (3-11)
I f  t h e  s t e a d y  s t a t e  c o n c e n t r a t i o n  o f  t h i y l  r a d i c a l s  i s  low enough 
t o  a l lo w  us t o  n e g l e c t  th e  second te rm in  eq 3 - 1 1 , then  we can ob­
t a i n  t h e  e q u a t io n
dArSR = h ,  [RSSR] / . v
dArCl k [CC14] \ 5 -Ld)
which can be i n t e g r a t e d  i f  we assume t h a t  t h e  r a t i o  RSSR/CCl4 r e ­
mains c o n s t a n t  th ro u g h o u t  t h e  r e a c t i o n .
&
Y ie ld  o f  ArSR = .^S_  ( ,
Y ie ld  o f  ArCl k ^  r
where S i s  t h e  i n i t i a l  mole r a t i o  o f  d i s u l f i d e  t o  C C I4 . .r  ^
P ryo r  and Guard found t h a t  v a lu e s  o f  k /k  , c a l c u l a t e d
D L» J-
u s in g  eq 3“ 19 a r a  independen t  of  t h e  s o l v e n t  r a t i o  ove r  a 15- f o l d  
v a r i a t i o n  i n  S^. During t h i s  c u r r e n t  s t u d y ,  we have chosen a v a lu e  
o f  S^ f o r  each d i s u l f i d e  t h a t  would g ive  c o n v en ie n t  y i e l d s  o f  th e
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p ro d u c t s  to  be a n a ly z e d .  A poor  i n i t i a l  c h o ice  o f  S f o r  t h e  r e ­
a c t i o n  o f  PAT w i th  methy l  d i s u l f i d e  n e c e s s i t a t e d  a second exper iment  
w i th  t h e  v a lu e  o f  S in c r e a s e d  by a f a c t o r  of  f i v e .  Th is  f i v e - f o l d
t i o n  was deemed n e c e s s a r y .
The r e l a t i v e  r a t e s  a t  which a r y l  r a d i c a l s  a b s t r a c t  hyd ro ­
gen from d i s u l f i d e s ,  k /k  - , was c a l c u l a t e d  by u s in g  eq 3“ f 4 .
H. C l
This  e q u a t i o n  can be d e r iv e d  from k i n e t i c  Scheme 3“ *- i f  t h e  amount 
o f  ArH produced by r e a c t i o n  8 can be n e g l e c t e d  r e l a t i v e  to  t h a t  
p roduced by r e a c t i o n  2.  The amount o f  ArH produced by r e a c t i o n  8 
i s  a  f u n c t i o n  of  r e a c t i v i t y  o f  t h e  s o l v e n t  system; j . . e .  , i f  r e a c ­
t i o n s  2 , 3 , and k a r e  ex t rem ely  r a p i d ,  t h e  s t a n d i n g  c o n c e n t r a ­
t i o n  o f  Ar* and t h e  c o n c e n t r a t i o n  of  QH w i l l  be too  low f o r  r e a c t i o n  
8 t o  be im p o r t a n t .
o f  QH produced depend upon th e  i n i t i a l  c o n c e n t r a t i o n  o f  i n i t i a t o r ;  
t h e r e f o r e ,  t h e  v a r i a t i o n  in  t h e  y i e l d  o f  ArH and in  t h e  v a lu e  of
i n d i c a t e  t h e  im por tance  o f  r e a c t i o n  8 i n  t h e s e  sys tem s .  This 
v a r i a t i o n  was de te rm ined  f o r  PAT and found to  be un im p o r tan t  so 
t h a t  th e  d a t a  on NAT were de te rm ined  a t  on ly  one i n i t i a l  c o n c e n t r a ­
t i o n  f o r  each d i s u l f i d e .
G
v a r i a t i o n  in  d id  no t  change No f u r t h e r  t e s t  o f  t h i s  assump-
Y ie ld  o f  ArH 
Y ie ld  o f  ArCl I T *  S r  Cl
(3- 1*0
Both t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  Ar* and th e  amount
k „ / k  . as t h e  i n i t i a l  c o n c e n t r a t i o n  of  i n i t i a t o r  i s  changed should  H Cl
EXPERIMENTAL
MATERIALS:
R ad ica l  s o u r c e s : The p r e p a r a t i o n  and p u r i f i c a t i o n  of  PAT
and NAT are d e s c r i b e d  on page 5 o f  t h i s  D i s s e r t a t i o n .
Carbon t e t r a c h l o r i d e : S p e c t r a l - g r a d e  carbon  t e t r a c h l o r i d e  
was d r i e d  over  c a lc iu m  h y d r i d e  and used  w i th o u t  f u r t h e r  t r e a t m e n t .
D i s u l f i d e s : The d i s u l f i d e s  were commercia l ly  a v a i l a b l e
and were used  w i th o u t  f u r t h e r  p u r i f i c a t i o n .
Phenyl a l k y l  s u l f i d e s : Methyl phenyl s u l f i d e  was purchased
from Columbia Organic  Chemical Company. I t s  p u r i t y  by vpc peak a r e a  
was 9 8 $• I s o p ro p y l  and | > b u t y l  phenyl  s u l f i d e s  were p re p a red  by 
P. K. P l a t t . 12
p - N l t r o p h e n y l  a l k y l  s u l f i d e s : The methy l  and i s o p r o p y l
s u l f i d e s  were p re p a re d  by r e a c t i n g  th e  £ - n i t r o t h i o p h e n o x i d e  ion w i th  
t h e  a p p r o p r i a t e  a l k y l  bromide i n  e t h a n o l . 18 S ince  on ly  a few grams 
o f  pure  m a t e r i a l  were r e q u i r e d ,  no y i e l d s  were d e te rm in e d .  Only 
th e  b e s t  f r a c t i o n  o f  a d i s t i l l a t i o n  or  s u b l im a t io n  was c o l l e c t e d .  
P ro d u c ts  were i d e n t i f i e d  by nmr and m e l t i n g - p o i n t  o r  b o i l i n g - p o i n t .  
P u r i f i c a t i o n  o f  t h e  s u l f i d e s  was accomplished  by sub l im ing  th e  
s o l i d s  and vacuum d i s t i l l i n g  th e  o i l s  th rough  a s h o r t - p a t h  mic ro  
a p p a r a t u s .
p - N i t r o p h e n y l  i s o p r o p y l  s u l f i d e : j j - N i t r o t h i o p h e n o l  (1 2 .0  g,
0 . 7 7  mole) was a llowed t o  d i s s o l v e  in  100 ml o f  a 10$ s o l u t i o n  o f  
p o ta ss iu m  h y d ro x id e  i n  95$ e t h a n o l .  The r e s u l t i n g  s o l u t i o n  was 
g e n t l y  r e f l u x e d  w h i le  i s o p r o p y l  bromide (1 1 .1  g, 0 .9 0  mole ) was 
added to  i t  d u r in g  t h i r t y  m i n u t e s .  The r e a c t i o n  m ix tu r e  was r e f lu x e d
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f o r  one hou r  a f t e r  a d d i t i o n  o f  t h e  i s o p r o p y l  bromide was complete  
and then  e v ap o r a te d  t o  d ry n e s s  on a  s t e a m -b a th  t o  y i e l d  a ye l low  
s o l i d .  This s o l i d  was t r i t u r a t e d  w i th  w a te r  u n t i l  n e u t r a l ,  d r i e d ,  
and sublimed a t  5 mm p r e s s u r e  t o  g iv e  pure  y e l lo w  n e e d l e s ,  mp 1+5° 
( l i t  mp k k . 5 ° ) . 18
The nmr spectrum shows a doublet at 6 1.3,7 (CH3 ) a 
septet at 6 3-57  (CH) , and aromatic multiplets at 6 7*30 > anc*
6 8 .0 7 .  P u r i t y  by vpc peak a r e a :  > 99$.
p - N i t r o p h e n y l  methy l  s u l f i d e : mp 70 ,72°  ( l i t  72° ) , 15
p u r i t y  by vpc peak a r e a  > 9 9 $’* The nmr spec trum shows a s i n g l e t  a t  
6 2.53 (CH3) , and a ro m a t ic  m u l t i p l e t s  a t  6 7*22 and 6 8 .0 3 .
p - N i t r o p h e n y l  _ t -bu ty l  s u l f i d e :  _t-Butyl m e rcap tan ,  4.51- g
(O.O5 m o le ) ,  was a l lowed to  d i s s o l v e  in  60 ml o f  95$ e t h a n o l ,  and 
2 .8  g o f  p o ta ss iu m  h y d ro x id e  was added t o  t h e  r e s u l t i n g  s o l u t i o n .  
A f t e r  th e  KOH had d i s s o l v e d ,  p - n i t r o c h l o r o b e n z e n e  (7*9 g> 0 .0 5  
mole) was added,  and t h e  r e a c t i o n  m ix tu r e  was r e f l u x e d  f o r  fo u r  
h o u r s .  The r e a c t i o n  m ix tu r e  was th e n  cooled  and f i l t e r e d .  The 
f i l t e r  cake was washed w i th  s e v e r a l  p o r t i o n s  o f  e t h a n o l ,  and th e  
combined f i l t r a t e s  were c o n c e n t r a t e d .  D i s t i l l a t i o n  a t  2 mm p r e s ­
su re  gave an o i l  which s o l i d i f i e d  a t  room te m p e r a t u r e .  The nmr 
spectrum showed a s i n g l e t  a t  6 1.33 (CH3), and a rom at ic  m u l t i p l e t s  
a t  6 7 .6 6  and 6 8 .1 7 .  The p u r i t y  o f  th e  sample by vpc peak a r e a  
was 9 7$.
PROCEDURE:
A s o l u t i o n  c o n t a i n i n g  th e  d e s i r e d  r a t i o  o f  d i s u l f i d e  t o  
carbon  t e t r a c h l o r i d e  was p re p a red  by weighing  t h e  d i s u l f i d e  and
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CC14 i n t o  a t a r e d  f l a s k  on a M e t t l e r  b a l a n c e .  The PAT o r  NAT was 
weighed i n t o  a v o lu m e t r i c  f l a s k ,  u s u a l l y  1 .0  ml ,  and d i l u t e d  to  
t h e  mark w i th  t h e  mixed s o l v e n t .  The r e s u l t i n g  s o l u t i o n s  were 
t r a n s f e r r e d  t o  ampoules made from 8 mm Pyrex t u b i n g ,  f r o z e n  in  
l i q u i d  n i t r o g e n ,  and degassed  in  t h e  s t a n d a r d  m a n n e r .19 The am­
p o u le s  were p la ce d  i n  a 60°  b a th  and a l l  a l lowed t o  remain t h e r e  
f o r  a t  l e a s t  10 h a l f - l i v e s  o f  t h e  r a d i c a l  s o u rc e .  The samples were 
a n a ly z e d  on a MicroTek Model 2000 R gas chromatograph w i th  d ua l  
co lumns, t e m p e ra t u re  programming, and f l a m e - i o n i z a t i o n  d e t e c t o r .
A W es t ro n ic s  r e c o r d e r  w i th  D iscChar t  I n t e g r a t o r  was u sed .  The 
m o l a r i t y  o f  a g iven  p r o d u c t ,  f o r  example ArH, was de te rm ined  by 
compar ing t h e  peak a r e a  of  t h e  unknown sample w i th  t h a t  o f  a known 
s t a n d a r d  which was i n j e c t e d  j u s t  b e f o r e  and j u s t  a f t e r  t h e  unknown.
[ArH] = (peak a r e a  o f  unknown ArH) x 
R e p r o d u c i b i l i t y  was b e t t e r  than  about 3»0$*
RESULTS AND DISCUSSION
THE REACTION OF PHENYL RADICALS WITH DISULFIDES:
When PAT i s  a l lowed to  decompose in  a m ix tu r e  o f  CC14 and 
a d i s u l f i d e ,  t h e  p r im ary  p ro d u c t s  a r e  c h lo r o b e n z e n e , benzene ,  and 
phenyl a l k y l  s u l f i d e .  We have de te rm ined  t h e  y i e l d  o f  t h e s e  pro~ 
d u c t s . The d a t a  a r e  shown in  Table  3~4 and g r a p h i c a l l y  i n  F ig .  3"2.
T ab le  3~4. The R e a c t io n  o f  Phenyl R a d i c a l s  w i th  D i s u l f i d e s  in  th e
P r e se n ce  o f  Carbon T e t r a c h l o r i d e  a t  60° .
rCCl/t-p i  Y ie ld  -
^ ^ C l kH/ k ClR in  RSRR [PAT-jo- [rSSR^q PhSR PhCl PhH
0 .1 1 2 0 0 .9 4 7 1 .0 3 .1 2 1 .34 1 9 .6
Methyl 0 .1 7 1 2 4 .2 4 3 6 .O 9-1 I .5 8 1 6 .8 0 .73
0 .1 2 2 0 41 .8 1 0 .2 1 .00 17.3 0 .6 6
0 .0 5 2 3 48.9 1 1 .8 1-53 17.5 0 .5 5
0 ^ 54 .8 13 .0 1 .50 17.9 0 .5 0
i s o p r o p y l O.O655 1 .6 9 2 7 .2 11.3 14 .5 4 .06 2 .1 7
0 .0295 2 7 .0 13.5 14.7 3 .3 8 1 .8 2
O.OO96 2 8 .3 1 3 .6 14.6 3 .2 6 1 .6 9
0 4 2 8 .8 13.8 14 .7 3 .52 1 .81
t -B u ty l 0 .0 9 8 7 0 . 96 . 8 .8 0 37-6 1 6 .9 0 . 2 2 O.43
0 .0 7 5 2 • 99 42.5 1 8 .5 0 . 2 2 0 .4 5
0 .0 4 7 6 8 .92 46 .2 16 .4 0 .1 9 0 .3 4
0 .0 2 4 2 8 .9 0 4 9 .0 15.3 0 .1 8 0 .3 0
0 4 8 .8 0 52.5 1 5 .0 0 .1 6 0 . 2 8
( a )  I n i t i a l  c o n c e n t r a t i o n  in  m o l e s / l i t e r .
(b )  Mole r a t i o .
( c )  P e r  c e n t  y i e l d  based  on o r i g i n a l  c o n c e n t r a t i o n  o f  PAT.
(d )  The v a lu e s  l i s t e d  f o r  zero  m o l a r i t y  PAT a r e  v a lu e s  e x t r a p o l a t e d  
from t h e  graphs  i n  F i g .  3“ 2'-' - .
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F ig u r e  3"2 .  P e r  c e n t  y i e l d  o f  p ro d u c t s  v e r s u s  t h e  i n i t i a l  m o l a r i t y  
o f  PAT i n  m i x tu r e s  o f  carbon  t e t r a c h l o r i d e  w i th
( a )  methy l  d i s u l f i d e
(b)  i s o p r o p y l  d i s u l f i d e
( c ) . t e r t - b u t y l  d i s u l f i d e  
U n i t s :
Per  c e n t  y i e l d :  m o l e s / i n i t i a l  mole o f  PAT
[PAT]0 m o l e s / l i t e r
Sca le  f a c t o r :
Per c e n t  y i e l d  x 1.0 
[PAT]0 x 102
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Figure 3-2a
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The y i e l d s  o f  ch lo robenzene  and phenyl a l k y l  s u l f i d e  de­
c r e a s e  as th e  i n i t i a l  PAT c o n c e n t r a t i o n  i n c r e a s e s .  This  d e c r e a se  
can be e x p la i n e d  by p o s t u l a t i n g  t h a t  an i n c r e a s e  i n  t h e  i n i t i a l  con­
c e n t r a t i o n  o f  PAT cause s  an i n c r e a s e  in  t h e  s t a n d i n g  c o n c e n t r a t i o n  
o f  t r i t y l  r a d i c a l s  which they  a r e  a b l e  t o  scavenge th e  phenyl r a d i ­
c a l s  b e f o r e  th e y  a r e  a b l e  to  r e a c t  w i th  e i t h e r  d i s u l f i d e  o r  carbon 
t e t r a c h l o r i d e .  P ro d u c ts  r e s u l t i n g  from th e  r e a c t i o n  o f  phenyl  
r a d i c a l s  w i th  t r i t y l  r a d i c a l s 1 7 ’20 have been i s o l a t e d  from decom­
posed PAT s o l u t i o n s ,  bu t  no s y s t e m a t i c  s tu d y  o f  t h e s e  p ro d u c t s  has 
been r e p o r t e d .
The t o t a l  y i e l d  o f  benzene does no t  d e c r e a s e  as  th e
i n i t i a l  c o n c e n t r a t i o n  o f  PAT i n c r e a s e s .  Th is  i s  p robab ly  because
some o f  t h e  benzene i s  b e in g  produced by r e a c t i o n  8 ,  which becomes
more im p o r tan t  as t h e  i n i t i a l  PAT c o n c e n t r a t i o n  i s  i n c r e a s e d  and
compensates  f o r  t h e  d e c r e a s e  in  benzene produced in  r e a c t i o n  2 as
th e  i n i t i a l  PAT c o n c e n t r a t i o n  i s  i n c r e a s e d .  The p r e s e n c e  o f  t h i s
s p u r io u s  benzene causes  t h e  v a lu e s  of k /k _ .  t o  va ry  more th a n  doH 01
th e  v a l u e s  o f  k g / k ^  bu t  i n  bo th  c a s e s  th e  v a r i a t i o n  i s  no t  l a r g e  
enough to  a f f e c t  any of  t h e  c o n c lu s io n s  t h a t  we w i l l  draw from t h e s e  
d a t a .
From t h e  graphs  o f  F ig .  3"2 ,  we have e x t r a p o l a t e d  th e  
y i e l d  of  a l l  p ro d u c t s  t o  z e ro  PAT c o n c e n t r a t i o n ,  _i..e. , t o  an i n ­
f i n i t e l y  d i l u t e  s o l u t i o n  o f  PAT. The r e l a t i v e  r a t e  c o n s t a n t s  c a l ­
c u l a t e d  from t h e s e  y i e l d s  a t  i n f i n i t e  d i l u t i o n  a r e  no t  s i g n i f i c a n t l y  
d i f f e r e n t  from t h e  av erage  of  t h e  r e l a t i v e  r a t e  c o n s t a n t s  c a l c u l a t e d  
a t  f i n i t e  c o n c e n t r a t i o n s  o f  PAT. This  compar ison i s  shown i n  Table  3“ 5*
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Table  3"5- R e l a t i v e  Rate C o n s tan ts  f o r  Phenyl R ad ica l  A t t a ck  on 
_________  D i s u l f i d e s .
kH/kCl k s / k c i
R in RSSR
Pryor
Guard
&
£ This Work
Pryor & 
Guard — This Work
Methyl 0 .5 7 0 . 50s O .65- 3 1 .0 1 7 . 9s  7 7 . 1 -
Isopropyl 1 .90 1 .8 1 - 1 .89^ 3.30 3 . 52s  3-5<£
_t-Butyl 0 .2 5 0 . 28s 0 . 3  8^ 0 .2 3 0 . 1 6 s  0 . 2 c£
(a )  Values c a l c u l a t e d  from d a t a  e x t r a p o l a t e d  to  zero  m o l a r i t y  in  
PAT.
(b )  Average v a l u e .
(c )  Ref .  15
Table  3 -5  a l low s  a comparison of  th e  r e l a t i v e  r a t e  con­
s t a n t s  r e p o r t e d  by P ry o r  and Guard15 and th e  v a lu e s  o b ta in e d  in  
t h i s  s tu d y .  The agreement  between the  k^/k,,., v a lu e s  i s  e x c e l l e n t ,
H  Cj L
as  i s  th e  agreement in  t h e  k /k  .. v a lu e s  f o r  i s o p r o p y l  and t - b u t y lu J-
d i s u l f i d e .  The poor agreement between the  k g / k ^  v a lu e s  f o r  methyl 
d i s u l f i d e  r e p o r t e d  by P ry o r  and Guard and t h a t  found in  t h i s  work 
i s  i n e x p l i c a b l e ,  b u t  i t  does n o t  a d v e r se ly  a f f e c t  th e  l o g - l o g  c o r ­
r e l a t i o n  between t h e  r e l a t i v e  r a t e  c o n s t a n t  f o r  S„2 d i sp lacem en t  onri
d i s u l f i d e  and t h e  r e l a t i v e  r a t e  c o n s t a n t  f o r  S^2 d isp la ce m e n t  a t  
e i t h e r  s u l f u r  o r  c a r b o n .*  F ig u r e  3“5 shows a l o g - l o g  p l o t  o f  our 
d a t a  on PAT. I t  i s  e s s e n t i a l l y  i d e n t i c a l  w i th  t h a t  o f  P ryor  and 
Guard shown in  F ig .  3 - 1 .
The i n h e r e n t  i n s e n s i t i v i t y  o f  l o g - l o g  c o r r e l a t i o n s  w i l l  be d i s ­
cussed  i n  d e t a i l  on page I 38  o f  t h i s  D i s s e r t a t i o n .
F ig u re  3“ Log- log  graph o f  r e l a t i v e  r a t e s  f o r  S^2 r e a c t i o n s  on 
carbon  (upper  end o f  b a r )  and s u l f u r  ( low er  end o f  
b a r )  v e r s u s  k ^ / k ^  f o r  t h e  r e a c t i o n  o f  phenyl r a d i ­
c a l s  w i th  d i s u l f i d e s  in  t h e  p re sen c e  o f  carbon 
t e t r a c h l o r i d e .
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THE REACTION OF jj-NITROPHENYL RADICALS WITH DISULFIDES:
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We have  s t u d i e d  th e  reaction of NAT with methyl, isopro­
p y l  and _ t -bu ty l  d i s u l f i d e s .  The results are shown in Table ^-6.
Table  3 - 6 . The Reac t ion  o f  j j - N i t ro p h e n y l  Radicals with Disulfides 
____________ in t h e  P resence  o f  Carbon Tetrachloride at 60° .________
R in RSSR NAT -
rCCl4 - $ Yield -
lRSSRj0 ArSR ArCl ArH
Methyl 0 .0444 18.95 83 .5 7.70 1.40
I s o p r o p y l 0 .488 0 .66 7 6 .8 0 .7 5 16 .3
t - B u t y l 0 .0407 >0.99 5 1 .6 8 .70 14.0
(a )  I n i t i a l  c o n c e n t r a t i o n  i n  m o l e s / l i t e r .
(b) I n i t i a l  mole r a t i o .
( c )  Per  c e n t , y i e l d  based  on o r i g i n a l  concentration o f  NAT.
The i n i t i a l  c o n c e n t r a t i o n  o f  NAT and t h e  s o l v e n t  r a t i o ,  
CCl4/RSSR, were n o t  v a r i e d  i n  t h i s  s tudy  b ecause  t h e  work on PAT 
i n d i c a t e d  t h a t  t h e s e  two p a ra m e te r s  d id  no t  s i g n i f i c a n t l y  a f f e c t  
t h e  v a lu e s  o f  th e  r e l a t i v e  r a t e  c o n s t a n t s .  The v a l u e s  o f  t h e  r e l a ­
t i v e  r a t e  c o n s t a n t s  f o r  NAT a re  b e s t  d i s c u s s e d  by comparison w i th
t h o s e  f o r  PAT. Table  3~7 shows th e  compar ison .
The v a lu e s  o f  k g / k ^  f o r  NAT a r e  much l a r g e r  t h a n  t h e  
c o r r e sp o n d in g  v a lu e s  for PAT. This  d i f f e r e n c e i i s  an example o f  t h e  p o l a r  
e f f e c t  on r a d i c a l  r e a c t i o n s .  A b s t r a c t i o n  o f  a c h l o r i n e  from CC14 
in v o lv e s  t h e  p o l a r  s t r u c t u r e s  shown below
-  . +  +
Ar- + CC14 -* [Ar* Cl CC13 «* Ar: Cl CCl3 ~  Ar Cl :CCl3 ]
l a  lb  Ic
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Table 3“7« A Comparison of the Reactivity of PAT and NAT with 
Disulfides. _____________________________
R in RSSR PAT NAT
Methyl 0.65 (1-71) -  3.42 ( 2. 11) -
Isopropyl 1.89 (4.98) 14.8 (9-1*0
_t-Butyl 0.38 ( 1) 1.62 ( 1)
ks^kci
R in RSSR PAT NAT
Methyl 17.1 (85.5) -  205.0 (3^-3) -
Isopropyl 3.36 (17-8) 68.8 (11.7)
t-Butyl 0.20 ( 1) 5-99 (1)
kS/kH
R in RSSR PAT NAT
Methyl 26.3 (49.6) -  60.0 (16.2) -
Isopropyl 1.88 (3 - 55) 4.72 ( 1. 28)
t> Butyl 0.53 (1) 3.70 (1)
io Attack on Sulfur
R in RSSR PAT NAT
Methyl 96.5 98.5
Isopropyl 64.5 82.5
t-Butyl 34.8 78.7
(a) Relative values are enclosed in parentheses.
In the attack on carbon tetrachloride, resonance structure 
Ic is more important than lb because of the stability of the tri- 
chloromethyl anion. Therefore, transition state I includes an ap­
preciable contribution from a resonance structure in which a partial
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p o s i t i v e  charge  i s  p la ce d  on th e  a rom at ic  r a d i c a l ,  and t h i s  s t r u c ­
t u r e  i s  d e s t a b i l i z e d  by th e  e l e c t r o n - w i th d r a w in g  j ) - n i t r o  group.
Thus,  i s  s m a l l e r  f o r  th e  j3 -n i t ropheny  1 r a d i c a l  than  i t  i s  f o r
th e  phenyl  r a d i c a l ,  and t h i s  d i f f e r e n c e  cou ld  accoun t  f o r  t h e  d i f ­
f e r e n c e  in  t h e  k /k  , v a lu e s  f o r  t h e  two r a d i c a l s .D L# X
The r e l a t i v e  v a lu e s  o f  k ^ / k ^  i n d i c a t e  t h a t  th e  r e a c t i ­
v i t y  o f  t h e  j j - n i t r o p h e n y l  r a d i c a l  toward s u l f u r  i s  l e s s  a f f e c t e d  
by s t r u c t u r a l  changes in  t h e  d i s u l f i d e  th a n  i s  t h a t  o f  t h e  phenyl 
r a d i c a l .  Because th e  s t e r i c  r e q u i re m e n ts  of  bo th  r a d i c a l s  a r e  
p robab ly  th e  same, t h i s  s i m i l a r i t y  must be due t o  an i n d u c t i v e  
e f f e c t  o f  t h e  a l k y l  g roups .  As th e  a l k y l  group i s  changed from 
methyl to  J : - b u t y l ,  t h e  r a t e  o f  a t t a c k  a t  s u l f u r  should  d e c r e a se  
because  o f  s t e r i c  h i n d e r a n c e ;  b u t ,  th e  i n d u c t i v e  e f f e c t  o f  t h e  _t- 
b u t y l  group i n c r e a s e s  th e  e l e c t r o n  d e n s i t y  a t  s u l f u r  and i n c r e a s e s  
th e  p r o b a b i l i t y  t h a t  th e  more e l e c t r o n e g a t i v e  j v -n i t ro p h e n y l  r a d i c a l  
w i l l  a t t a c k  s u l f u r .  Thus,  t h e  r a t e - s t r u c t u r e  p r o f i l e  o f  NAT i s  
compressed r e l a t i v e  t o  t h a t  f o r  PAT.
The v a lu es  o f  k ^ /k ^  and th e  p e r  c e n t  a t t a c k  on s u l f u r  
S H
shown in  Table  3”7 con f i rm  th e  fo r e g o in g  a n a l y s i s .  NAT a t t a c k s  
s u l f u r  more than  does PAT, bu t  i t  i s  l e s s  i n f l u e n c e d  by s t e r i c  
h in d e r a n c e  a t  th e  r e a c t i o n  s i d e  as  i s  PAT.
The kTI/k^ .  v a lu e s  in  Table  3~7 i n d i c a t e  t h a t  th e  p - n i t r o -rl CL
phenyl r a d i c a l  i s  more s e l e c t i v e  in  hydrogen a b s t r a c t i o n  r e a c t i o n s  
than  i s  the  phenyl r a d i c a l .  This f a c t  was p r e v i o u s l y  no ted  by 
P r y o r ,  Echols  and Smith in  t h e i r  e x t e n s i v e  s tudy  o f  hydrogen a b s t r a c ­
t i o n  by a r y l  r a d i c a l s . 17 The r e l a t i v e  r e a c t i v i t y  o f  each type  of
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hydrogen in  t h e s e  d i s u l f i d e s  can be o b t a in e d  by s o l v i n g  a s e t  o f  
s im u l taneous  e q u a t i o n s .  The r e s u l t s  a r e  shown in  Tab le  3 ”8 ,  a lo n g  
w i th  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  b e n z y l i c  hyd rogens .  The g r e a t e r  
s e l e c t i v i t y  o f  th e  j>»n i t ropheny l  i s  e s p e c i a l l y  e v i d e n t  i n  t h e s e  d a t a .
Tab le  3“ 8. R e l a t i v e  R e a c t i v i t i e s  o f  Some Carbon-Hydrogen Bonds
Toward Phenyl  and j j - N i t ro p h e n y l  R a d i c a l s .
Ph- - £-N02-Ph- -
Benzy l ic  hydrogens :
pr im ary-  # 1 1
t e r t i a r y - ^ # 9-50 2 6 .0
t e r t i a r y -  (3 0 . I 3 O.O38
D i s u l f i d e  hydrogens :
p r im a ry - # 1 .2 1 .0 2
t e r t i a r y - a 9-1 12.3
t e r t i a r y - p 0 .2 3 0 . 1 6
(a )  C a l c u l a t e d  from d a t a  o f  B r id g e r  and R u sse l l . ,  r e f .  1.6a.
(b) C a l c u l a t e d  frcm d a t a  o f  P r y o r ,  Echols  and Sm i th ,  r e f .  17.
Hydrogens a  t o  a  d i s u l f i d e  s u l f u r  a r e  comparable  to  
b e n z y l i c  hydrogens bo th  in  a b s o l u t e  r e a c t i v i t y  and i n  s e n s i t i v i t y  
to  s u b s t i t u t i o n  e f f e c t s .  I t  i s  i n t e r e s t i n g  t h a t  d e s p i t e  t h e  h ig h  
r e a c t i v i t y  o f  t h e s e  h y d ro g e n s ,  most r a d i c a l  a t t a c k  occu rs  a t  t h e  
s u l f u r - s u l f u r  bond.
The hydrogens  (3 to  t h e  s u l f u r  atoms a r e  more r e a c t i v e  
than  a r e  p - b e n z y l i c  hyd rogens .  Th is  d i f f e r e n c e  can be e x p la i n e d  by.' 
a mechanism in v o lv in g  p a r t i c i p a t i o n  of  s u l f u r  i n  hom olys is  o f  th e  
carbon-hydrogen  bond.
The e x i s t e n c e  o f  b r id g e d  s u l f u r  r a d i c a l s  has  been e s t a b l i s h e d  by 
S k e l l  in  h i s  s tu d y  of  t h e  a d d i t i o n  o f  t h i o l s  to  o l e f i n s , 21 and 
anch im er ic  a s s i s t a n c e  in  bond homolysis  by n e ig h b o r in g  s u l f u r  has 
been r e p o r t e d  by J .  C. M ar t in  and co w o rk e rs . 22  This  mechanism 
r e q u i r e s  t h a t  s u l f u r  expand i t s  v a le n c e  o c t e t ;  t h i s  re q u i re m e n t  
w i l l  be d i s c u s s e d  l a t e r .
F ig u r e  3— 1+ i s  a  l o g - l o g  p l o t  o f  th e  r e l a t i v e  k g / k ^  v a lu e s  
f o r  NAT v e r s u s  th e  r e l a t i v e  r a t e  c o n s t a n t s  f o r  n u c l e o p h i l i c  s u b s t i ­
t u t i o n  a t  carbon  and a t  s u l f u r .  The p l o t  i s  q u a l i t a t i v e l y  t h e  same 
as t h o s e  f o r  PAT, F i g .  3-1 and F i g .  3*3• Before  drawing any con­
c l u s i o n s  co n ce rn in g  t h e  s i m i l a r i t y  of  th e  t r a n s i t i o n  s t a t e  f o r  
n u c l e o p h i l i c  d i sp lacem en t  and r a d i c a l  d i sp lacem en t  r e a c t i o n s  from 
F i g .  3“ 1 and F i g .  3 - 3 , i t  would seem a d v i s a b l e  to  examine th e  
t h e o r e t i c a l  s i g n i f i c a n c e  o f  t h e se  l o g - l o g  p l o t s .
F ig u r e  3- k .  Log- log  graph o f  r e l a t i v e  r a t e s  f o r  SN2 r e a c t i o n s  on 
c a rbon  (upper  end o f  b a r )  and s u l f u r  ( low er  end of  
b e r )  v e r s u s  k g / k ^  f o r  t h e  r e a c t i o n  of  £ - n i t r o p h e n y l  
r a d i c a l s  w i th  d i s u l f i d e s  in  th e  p r e s e n c e  o f  carbon  
t e t r a c h l o r i d e .
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THE SIGNIFICANCE OF A PLOT OF LOG k VERSUS LOG k,a ----------  b
THEORY:
The g e n e r a l  form o f  a l i n e a r  r e l a t i o n s h i p  between th e  
l o g a r i th m  o f  t h e  r a t e  c o n s t a n t s  f o r  one r e a c t i o n ,  a , and t h o s e  f o r  
a second r e a c t i o n ,  _b, s u b j e c t  to  t h e  same v a r i a t i o n s  of  r e a c t a n t  
s t r u c t u r e  i s
In k, = m In k  + C ( 3 " l 5 )b a
According  t o  th e  th e o ry  o f  a b s o l u t e  r e a c t i o n  r a t e s
k = ^  e x p [ - AG*/RT] (3-16)
and so ,  a t  c o n s t a n t  t e m p e ra t u re
In k = ( c o n s t . )  -  ( 3- 17 )
Equat ion  3“ 15 I s e q u i v a l e n t  t o  a l i n e a r  r e l a t i o n s h i p  between s t a n ­
dard  f r e e  energy  changes  and can a l s o  be r e p r e s e n t e d  by eq 3 “ 1 8 *
AG* = m'G* + C '  (3“ 18)b a
The i n f l u e n c e  o f  changes  i n  t h e  s t r u c t u r e  o f  t h e  s u b s t r a t e  on th e
s t a n d a r d  f r e e  energy  of  a r e a c t i o n ,  a t  c o n s t a n t  t e m p e r a t u r e ,  may
be e x p re s sed  as a f u n c t i o n  o f  a number o f  independen t  v a r i a b l e s .
dAG* = ( ^ sr^ t dR + (^ s y ^ t dY +  : : :
where R and Y r e p r e s e n t  some d i s c r e t e  p r o p e r t i e s  o f  the  s u b s t r a t e .  
For a f i n i t e  change in  R from some a r b i t r a r y  s t a n d a r d ,  a l l  o t h e r  
v a r i a b l e s  h e ld  c o n s t a n t ,  t h e  change in  f r e e  energy  w i l l  be
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The change in  f r e e  energy from AG^ t o  AG^q produces  a c o r re sp o n d ­
ing  change in  t h e  r a t e  c o n s t a n t  which i s  (f rom eq 3“ 17 )
ln V ko - * * *  r t AG* °  < > 2 1 >
The i n f l u e n c e  o f  t h e  change i n  th e  v a r i a b l e  R upon th e  r a t e  con­
s t a n t  f o r  r e a c t i o n  s e r i e s ,  can be o b t a in e d  from eq 3“ 20 and eq 
3 - 2 1 .
<5- 22>a
The i n f l u e n c e  o f  t h e  same change in  t h e  v a r i a b l e  R on two r e a c t i o n  
s e r i e s  , _a and Id , can be e x p re s sed  as*
T (BAG^/dR) (R - R )
l n ( k i / k Q) a -  X' ( 6AG^/Sr), (R - R ). l n ^k i / k o^b ^ " 25  ^a b i  o b
o r ,  in  an a b b r e v i a t e d  form, as
T, g AR b ba al n ( k  .. ) = —--------- rr— l n ( k  1 ), ( 3 - 2^)'  r e l / a T& gfa ARfcj r e l ' b  w  '
Equa t ions  3- 23 and 3~2b p r e d i c t  t h a t  t h e r e  w i l l  be a l i n e a r  
c o r r e l a t i o n  between t h e  l o g a r i t h m  o f  t h e  r e l a t i v e  r a t e  c o n s t a n t s  f o r  
two r e a c t i o n  s e r i e s  p ro v id ed  t h a t :  (1) a l l  o t h e r  v a r i a b l e s  bu t  R
remain c o n s t a n t ; ( 2 ) t h e  r a t i o  g /g,  remains  c o n s t a n t  th roughou t
cl D
*A11 o f  th e  p a r t i a l  d e r i v a t i v e s  a r e  a t  c o n s t a n t  t e m p e r a t u r e ,  bu t  
th e  s u b s c r i p t  T has  been o m i t t e d  i n  o r d e r  t o  s i m p l i f y  t h e  mathe­
m a t i c a l  e x p r e s s i o n s .
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t h e  range  o f  v a r i a t i o n  of  R. However, n o te  t h a t  g and g as  w e l l
cl D
as AR& and AR^  need n o t  be i n d i v i d u a l l y  c o n s t a n t ,  so t h a t  p a r t  of 
t h e  range  o f  a p p l i c a t i o n  o f  eq 3~2h may r e s u l t  from p a r a l l e l  v a r i a ­
t i o n s  in  t h e s e  t e rm s .
There should  n o t  be a l i n e a r  r e l a t i o n s h i p  between t h e  log 
o f  th e  r e l a t i v e  r a t e  c o n s t a n t s  f o r  two r e a c t i o n s  when:
(a )  t h e  r a t i o  o f  p a r t i a l  d e r i v a t i v e s ,  g / g K, does not
cl D
remain c o n s t a n t .  Changes in  mechanism w i t h i n  one o f  th e  
r e a c t i o n  s e r i e s  could  cause  t h i s  te rm t o  v a r y ,  sometimes 
a b ru p t ly *
(b)  o t h e r  v a r i a b l e s  in  th e  system a r e  n o t  c o n s t a n t  and 
t h e i r  changes  a r e  not l i n e a r  f u n c t i o n s  o f  th e  changes  in
R?
(c )  t h e  r a t i o  ARa /AR^ does n o t  remain c o n s t a n t .  This  
co u ld  be caused  by some un ique  i n t e r a c t i o n  o f  the  v a r i a b l e  
R in  on ly  one o f  t h e  r e a c t i o n  s e r i e s ^
(d) t h e  r e l a t i o n s h i p  be tween 5AS*/3R ancj 5 AH*/dR i s  no t  
c o n s t a n t .
This  l a t t e r  re q u i re m e n t  i s  a r e s u l t  o f  th e  r e l a t i o n s h i p  between 
e n t r o p y ,  e n t h a l p y  and f r e e  energy .
The r e l a t i v e  s t a n d a r d  f r e e  energy  change i s  a composi te
q u a n t i t y
AG* = AH* - TAS* (3-25)
The p a r t i a l  d e r i v a t i v e  o f  th e  s t a n d a r d  f r e e  energy w i th  r e s p e c t  t o  
R i s
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/ dAG^ = / 9AH*v 
 ^ dR ' t k SR T (3- 26)
I t  i s  l i k e l y  t h a t  SAH^/dR and dAS^/dR w i l l  be c o m p le te ly  d i f f e r e n t
f u n c t i o n s  o f  t h e  v a r i a b l e  R. T h e r e f o r e ,  in  o r d e r  f o r  t h e  p a r t i a l
l i n e a r  c o r r e l a t i o n  between th e  log  o f  th e  r e l a t i v e  r a t e  c o n s t a n t s  f o r  
two r e a c t i o n  s e r i e s ,  s u b j e c t  t o  th e  same v a r i a t i o n  i n  R, should  i n ­
d i c a t e  a s i m i l a r i t y  i n  t h e  t r a n s i t i o n  s t a t e s  f o r  t h e  two r e a c t i o n  
s e r i e s .  There  i s ,  however,  one c a v e a t .  Log- log  p l o t s  a r e  o f t e n  
q u i t e  i n s e n s i t i v e  t o  s u b t l e  changes  in  th e  v a r i a b l e s ,  and i t  i s  
p o s s i b l e  t h a t  eq 3“ 24 w i l l  g ive  a l i n e a r  c o r r e l a t i o n  between any 
two b i m o l e c u l a r  r e a c t i o n s .  This  p o s s i b i l i t y  i s  e s p e c i a l l y  l i k e l y  
when th e  v a r i a b l e  i s  t h e  s t e r i c  h i n d e r a n c e  a t  t h e  r e a c t i o n  s i t e  
because  t h i s  p a ra m e te r  can on ly  be v a r i e d  over  a narrow ran g e .
APPLICATION:
The e f f e c t  o f  s t e r i c  h i n d e r a n c e  on t h e  r a t e  of  a wide 
v a r i e t y  o f  b i m o l e c u l a r  r e a c t i o n s  has been r e p o r t e d .  We have c o l ­
l e c t e d  d a t a  on t h e  fo l l o w i n g  r e a c t i o n s :
$
d e r i v a t i v e  o f  AG w i th  r e s p e c t  t o  R t o  remain c o n s t a n t  th ro u g h o u t
t h e  r e a c t i o n  s e r i e s  i t  i s  n e c e s s a r y  t h a t  e i t h e r
( BAS /dR),j, = 0 ,  JL._e. , t h e  s e r i e s  i s  i s o e n t r o p i c ,  or 
4*( 9AH /9R)rp = 0 , _i.,e. , t h e  s e r i e s  i s  i s o e n t h a l p i c , o r  
(dAH^/dR)^ and (BAS^/SR)t  a r e  l i n e a r l y  r e l a t e d .
I f  we c o n s i d e r  t h e  r e s t r i c t i o n s  a th ro u g h  d above, then  a
(a )  RCH2-Br :  The exchange o f  bromine f o r  r ad io -b ro m in e
p ro ceed s  by t h e  c l a s s i c  Walden i n v e r s i o n  mechanism . 8 The
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r e l a t i v e  r a t e  c o n s t a n t s  a t  25°  i n  a ce to n e  a r e  
1 : 0 .6 5 : 0 . 3 3 : 1 * 5  x 10” 5 f o r  R eq u a l  m e th y l ,  e t h y l ,  i s o ­
p ro p y l  and _ t -b u ty l .
(b )  RCH2-X: S t r e i t w i e s e r  has  t a b u l a t e d  average  v a lu e s  
f o r  t h e  S^2 r e a c t i o n  a t  ca rbon  as R i s  v a r i e d . 1 For R 
equa l  m e th y l ,  e t h y l ,  i s o p r o p y l ,  and _ t -b u ty l ,  t h e  r e l a ­
t i v e  ' r a t e  constaiitfe:  a rq :  1 : 0 . 4 : 0 J 3 :  l-*0 x 10- 5 .
(c )  R - S O - t o l y l : The r a c e m iz a t io n  o f  o p t i c a l l y  a c t i v e
s u l f o x i d e s  by hydrogen c h l o r i d e  has been r e p o r t e d  t o  p ro ­
ceed v i a  t h e  e q u i l i b r i u m .  24
RRSO + 2HC1 RRSC12 +
The s t r u c t u r e  o f  t h e  d i c h l o r i d e  cou ld  be e i t h e r  a t r i ­
gona l  b ipyram id  w i th  a p la n e  o f  symmetry,  l a ,  o r  an 
i o n i c  s t r u c t u r e ,  l b , w i th  n o n e q u i v a l e n t ,  bu t  r a p i d l y  
exchang ing ,  c h l o r i n e s .
The r e l a t i v e  r a t e  c o n s t a n t s  f o r  r a c e m iz a t i o n  a t  25° i n  a 
2 :1  v / v  m ix tu r e  o f  d ioxane  and 12 M, aqueous ,  HC1 a re  
1 : 0 . 2 5 8 : 7 - 9  x 10"3 : 2 . 8  x 10” 6 f o r  R equa l  m e th y l ,  e t h y l ,  
i s o p r o p y l ,  and t - b u t y l
(d) RMegSiH: The a l k a l i  - c a t a l y z e d  h y d r o l y s i s  o f  t r i -
o r g a n o s i l a n e s  has  been r e p o r t e d  to  proceed  by an
l a lb
lllO
a d d i t i o n - e l i m i n a t i o n *  mechanism th rough  a p e n t a c o v a l e n t  
i n t e r m e d i a t e . 25 The r e l a t i v e  r a t e  c o n s t a n t s  a t  0 °  C in  
9 5 -7$ w t . - $  e th a n o l  a r e  1 :0 .5 0 :0 .4 - 3 :0 .0 8 2 :1 .2 3  x 10“ 3 
f o r  R equa l  m e th y l ,  e t h y l ,  p r o p y l ,  i s o p r o p y l ,  and _ t -bu ty l .
(e )  RNH2 "BMe3 : The r e l a t i v e  v a lu e s  of  l / k , ,  a t  100°v ' ----- ------- -  d i s s
f o r  t h e  gas phase  e q u i l i b r i u m 26 
RNH2 + BMe3 RNH2 'BMe3 
a r e  1 : 0 .5 1 : 0 . 9 8 : 5 * 8  x 10“ 3 f o r  R equal m e th y l ,  e t h y l ,  
i s o p r o p y l ,  and _ t -b u ty l .
( f ) v 2 - A l k y I p y r i d i n e s : The r e l a t i v e  r a t e  c o n s t a n t s  f o r  
th e  q u a t e r n i z a t i o n  o f  2- a l k y l p y r i d i n e s  w i th  methy l  io d id e  
a t  3O0 a r e  1 : 0 .4 7 7 :0 .1 5 5 :  $ . 4  x 10- 4  f o r  R eq u a l  m e th y l ,  
e t h y l ,  i s o p r o p y l  and J ; - b u t y l . 27
(g )  RCOOEt: Bas ic  h y d r o l y s i s  o f  c a r b o x y l i c  e s t e r s  p r o ­
ceeds  by an a d d i t i o n - e l i m i n a t i o n  mechanism . 283 The r e l a ­
t i v e  r a t e  c o n s t a n t s  a t  30°  i n 88$ e th a n o l  a r e  
1 : 0 . 8 5 : 0 . 4 4 : 0 . 3 4 : 0 . 0 2 9  f o r  R equa l  m e th y l ,  e t h y l ,  p r o p y l ,  
i s o p r o p y l ,  and _tr b u t y l .  The T a f t  e q u a t i o n 28*5 was used  to  
c o r r e c t  t h e s e  d a t a  f o r .  e l e c t r o n i c  e f f e c t s .
(h) RC00H: The a c i d  c a t a l y z e d  e s t e r i f i c a t i o n  o f  c a r ­
b o x y l i c  a c i d s  a l s o  p roceeds  by an a d d i t i o n - e l i m i n a t i o n
*Throughout t h i s  d i s c u s s i o n  we w i l l  d i s t i n g u i s h  between d i r e c t  d i s -  
d i s p la ce m e n t  r e a c t i o n s  and a d d i t i o n - e l i m i n a t i o n  r e a c t i o n s .  The 
r e a c t i o n  p r o f i l e  o f  a d i r e c t  d i s p la ce m e n t  r e a c t i o n  has  on ly  one 
maximum, whereas  t h e  r e a c t i o n  p r o f i l e  o f  an a d d i t i o n - e l i m i n a t i o n  
r e a c t i o n  has  two maxima and one minimum. The minimum e x i s t s  b e ­
cau se  o f  t h e  fo rm a t io n  o f  a m e t a s t a b l e  i n t e r m e d i a t e  as  t h e  r e ­
a c t a n t s  i n t e r a c t  t o  form th e  p r o d u c t s .
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mechanism . 29 At 40° i n  m e thano l ,  t h e  r e l a t i v e  r a t e  con­
s t a n t s  a r e  1 : 0 . 8 4 : 0 . 5 1 : 0 . 3 3 : 3 * 7  x 10- 2  f o r  R equal  m e th y l ,  
e t h y l ,  p r o p y l ,  i s o p r o p y l ,  and _ t -bu ty l .
( i )  PhSO-R: The o x i d i z a t i o n  o f  s u l f o x i d e s  by p e roxyac ids
in  a l k a l i n e  media  has  been r e p o r t e d  t o  proceed  by a t t a c k  
on th e  s u l f u r  by th e  an ion  o f  t h e  peroxy a c i d . 30 The a t ­
t a c k i n g  r e a g e n t  makes a 90° ang le  w i th  t h e  R-S-R p la n e .
The r e l a t i v e  r a t e  c o n s t a n t s ,  a t  25° i n  d io x a n e - w a te r  
4 0 :6 0 ,  a r e  1 : 0 .8 1 8 :0 .6 0 6 :0 .4 7 9 :0 • 1 4 6  f o r  R eq u a l  m e th y l ,  
e t h y l ,  p r o p y l ,  i s o p r o p y l ,  and t_-butyl.
( j )  RS-SO3 : Fava has  r e p o r t e d  t h a t  t h e  s u l f i t e  exchange
r e a c t i o n  p ro c e ed s  by b a ck s id e  a t t a c k . 13 The d a t a  a r e  
shown in  T ab le  3~3*
Equa t ion  3~24 p r e d i c t s  t h a t  t h e r e  should  be a l i n e a r  c o r ­
r e l a t i o n  between th e  l o g a r i t h m  o f  t h e  r e l a t i v e  r a t e  c o n s t a n t  f o r  
two r e a c t i o n  s e r i e s ,  and b ,  bo th  s u b j e c t  to  t h e  same v a r i a t i o n  in 
R, th e  s t e r i c  h in d e ra n c e  a t  t h e  r e a c t i o n  s i t e ,  i f  t h e  t r a n s i t i o n  
s t a t e s  f o r  t h e  two r e a c t i o n s  a r e  s i m i l a r .
T. g AR
l n ( k  . )  = —  * " -- r — l n ( k  . )  (3-24)r e l ' a  T& r e l / b w  '
I f  bo th  r e a c t i o n s  have i d e n t i c a l  t r a n s i t i o n  s t a t e s ,  then  th e  tem­
p e r a t u r e  independen t  f a c t o r  in  th e  s lo p e  should  be u n i t y ,  and th e  
c o r r e l a t i o n  c o e f f i c i e n t  f o r  a l i n e a r  l e a s t - s q u a r e s  f i t  o f  the  d a t a  
to  eq 3 -2 4  should  be n e a r l y  one .  I f  t h e  two r e a c t i o n s  do no t  have 
s i m i l a r  t r a n s i t i o n  s t a t e s ,  th e n  t h e  c o r r e l a t i o n  c o e f f i c i e n t  should  
be low.
There i s  a t h i r d  p o s s i b i l i t y .  The two r e a c t i o n s  could 
have  s i m i l a r  t r a n s i t i o n  s t a t e s ,  and hence t h e i r  r e l a t i v e  r a t e  con­
s t a n t s  cou ld  be w e l l  c o r r e l a t e d  by eq 3 “2 h,  bu t  t h e r e  could  be 
more s t e r i c  compress ion  in  one o f  t h e  r e a c t i o n s  so t h a t  t h e  tem­
p e r a t u r e  independen t  f a c t o r  i n  t h e  s lo p e  might no t  be u n i t y .  In  
terms o f  t h e  thermodynamic q u a n t i t i e s  i n  eq 3~2 h,  page 141, t h i s  
means t h a t  t h e  r a t e  o f  change o f  t h e  f r e e  energy  o f  a c t i v a t i o n  
w i th  r e s p e c t  t o  t h e  change in  th e  s t e r i c  f a c t o r ,  BAG^/dR, i s  not 
t h e  same f o r  bo th  r e a c t i o n s ,  b u t  i t  jj s^ c o n s t a n t  f o r  each r e a c t i o n .  
C o n s id e r ,  f o r  example,  t h e  r e a c t i o n  o f  t r i e t h y l a m i n e  and q u i n u c l i -  
d in e  w i th  a s e r i e s  o f  a l k y l  i o d i d e s . 31
d i n e ,  t h e  s u b s t i t u e n t s  on t h e  n i t r o g e n  atom a r e  " t i e d  b a c k " ,  g r e a t l y  
l e s s e n i n g  t h e  s t e r i c  i n t e r f e r e n c e  w i th  t h e  s u b s t r a t e .  Thus,  the  
r a t e  o f  change i n  t h e  f r e e  energy  o f  a c t i v a t i o n  w i th  r e s p e c t  to  
changes  i n  th e  s t e r i c  h i n d e r a n c e  on th e  s u b s t r a t e  w i l l  be l e s s  f o r  
a t t a c k  by q u i n u c l i d i n e  than  f o r  a t t a c k  by t r i e t h y l a m i n e .  This  d i f ­
f e r e n c e  i s  r e f l e c t e d  i n  t h e  r e l a t i v e  r a t e  c o n s t a n t s  shown in  Table  
3 - 9 . A p l o t  o f  eq 3~2b  f o r  t h e  d a t a  i n  Table  3“9 5 t r i e t h y l a m i n e
ch3
Q u in u c l id in e T r ie t h y la m i n e
Both r e a c t i o n s  occu r  by th e  S^2 mechanism, b u t  in  q u i n u c l i -
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v e r s u s  q u i n u c l i d i n e ,  w i th  a s lo p e  o f  1 .3 0  and a c o r r e l a t i o n  c o e f ­
f i c i e n t  o f  0 . 9 9 9 6 .
Table  3”9» A Comparison o f  th e  Rate o f  N u c l e o p h i l i c  D isp lacement
£
_____________ by T r ie t h y l a m i n e  and Q u i n u c l i d i n e . —____________________
A lky l  io d id e
R e l a t i v e  Rate C on s tan ts
T r i e t h y l a m i n e - Q u in u c l id in e —
methyl 29 ,0 0 0 2360
e t h y l 170 61
i s o p r o p y l 1 1
(a )  R e l a t i v e  r a t e  c o n s t a n t s  c a l c u l a t e d  from d a t a  of  H. C. Brown . 31
(b) The v a lu e s  f o r  each  n u c l e o p h i l e  a r e  r e l a t i v e  t o  t h e  r a t e  con­
s t a n t  f o r  a t t a c k  by t h a t  n u c l e o p h i l e  on i s o p r o p y l  i o d i d e .
Pryo r  and Guard r e p o r t e d  t h e  r e l a t i v e  r a t e  c o n s t a n t s  f o r  
t h e  a t t a c k  o f  phenyl r a d i c a l s  on f i v e  d i s u l f i d e s ,  m e th y l ,  e t h y l ,  
p r o p y l ,  i s o p r o p y l ,  and t - b u t y l .  P a r t  I  o f  Tab le  3"10 a l low s  a com­
p a r i s o n  o f  t h e s e  r a t e  d a t a  w i th  t h o s e  f o r  each o f  t h e  b im o l e c u l a r  
r e a c t i o n s  A th rough  J  above. P a r t s  I I  and I I I  c o n t a i n  t h e  d a t a  on 
PAT and NAT from t h i s  p r e s e n t  s tu d y .  Each s e t  o f  d a t a  was f i t t e d  
to  eq 3_24 by th e  method o f  l e a s t  s q u a r e s .  The h ig h  c o r r e l a t i o n  
c o e f f i c i e n t  f o r  every  e n t r y  i n  Tab le  3“ 10 i n d i c a t e s  t h a t  eq 3~24 i s  
no t  s e n s i t i v e  enough to  a l lo w  the  d e g re e  o f  f i t  o f  t h e  d a t a  to  be 
used as a c r i t e r io n  f o r  s i m i l a r i t y  in  t h e  t r a n s i t i o n  s t a t e s  f o r  two 
r e a c t i o n s .
This  i s  e s p e c i a l l y  e v id e n t  i n  t h e  l a s t  f o u r  e n t r i e s  in
th e  t a b l e .  There  should  be a good c o r r e l a t i o n  between S„2 a t  carbonN
and S„2 a t  s u l f u r ,  s i n c e  bo th  r e a c t i o n s  o ccu r  by th e  Walden i n v e r -  N 5
s io n  mechanism. The t r a n s i t i o n  s t a t e s  f o r  th e  o t h e r  t h r e e  r e a c t i o n s ,
Table  ^-10 .  Least  Squares  A n a ly s i s  o f  t h e  Equa t ion  lo g ( k  , )  =
r©JL SL
T^/Ta ( s lo p e )^ , lo g ( k r e ^ f o r  Var ious  B im olecu la r  
cR e a c t io n s .— ___  ___ ___ __
R eac t ion  a R ea c t io n  b ( s l o p e ) -
C o r r e l a t i o n
C o e f f i c i e n t
I .  PAT — S^2-Carbon (a ) 0 .4 7 0 .9979
S„2-Carbon (B) 0 .4 6 0 .9873
R SO -p- to ly l  (C) 0 .4 3 0 .9 9 6 4
RMe^iH (d ) 0 .8 9 O.9 9 6 I
RNH2 -BMe3 (E) 0 .7 9 O.9989
2 - a l k y l p y r i d i n e  (F) 0 .6 9 0 .9 7 2 2
RCOOEt (G) 1 .5 0 0 .9 7 3 ^
RCOOH (H) 1 .5 6 0 .9839
PhSO-R ( I ) 2 .9 0 O.9 8 3 8
SN2 - S u l f u r  ( J ) 0 . 4 4 O .998O
I I .  PAT — S..2-Carbon (a ) 0 . 4 4 O.9 9 8 7
RMe^iH (D) 0 .8 2 O.9 9 9 7
RCOOH (H) 1.41 O .9 9 9 8
S 2 - S u l f u r  ( j ) 0 . 4 2 0 .9977
NAT - 1 .24 O.9 9 8 6
I I I .  NAT -  SN2-Carbon (A) 0 .3 6 0 .9999
RCOOEt (G) 1 .1 0 0 .9999
RCOOH (H) 1 .1 5 0 . 9 9 9 4
S . ,2 -S u l fu r  ( j )  N 0 .3 3 0 .9 9 2 7
PAT - 0 .7 3 0 .9 8 5 2
IV. SN2-Carbon (A) SN2 - S u l f u r  ( j ) 0 .9 3 0 .9940
RCOOH (H) 3-39 0 .9 9 9 6
2 - a l k y l p y r i d i n e  (F) 1 .46 0 .9 9 3 7
RMe2S iH (d ) 1 .8 5 0 .9 9 7 0
(a) S 2 a t  d i s u l f i d e  s u l f u r ,  d a t a  o f  P ryo r  and Guard,  £1 r e f .  I 5 .
(b) S^2 a t  d i s u l f i d e  s u l f u r ,  d a t a  from Table 3-7-
(c )  The ( s lo p e )  i s  th e  f a c t o r  ga ARa /g^AR^ in eq 3 -24 .
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H, F ,  and D, a r e  no t  a t  a l l  l i k e  t h a t  f o r  S„2 r e a c t i o n .  The f a c tN
t h a t  eq J -2 b  i s  a b l e  t o  c o r r e l a t e  t h e  r e l a t i v e  r a t e  c o n s t a n t s  f o r
S.,2 a t  carbon w i th  the  r e l a t i v e  r a t e  c o n s t a n t s  f o r  a l l  f o u r  o f  N
t h e s e  r e a c t i o n s  i s  p ro b ab ly  caused  by t h e  i n h e r e n t  i n s e n s i t i v i t y
o f  l o g - l o g  r e l a t i o n s h i p s  and by th e  f a c t  t h a t  only fo u r  p o i n t s  a r e
a v a i l a b l e  f o r  c o n s i d e r a t i o n .
I t  i s  im p o r tan t  t h a t  t h e  i n s e n s i t i v e  n a t u r e  o f  l o g - l o g
p l o t s  of  r e l a t i v e  r a t e  c o n s t a n t s  be f u l l y  r e a l i z e d  in  o r d e r  to
avoid  m is l e a d in g  c o n c l u s i o n s .  For example,  i t  has been s i x  y e a r s
s i n c e  Pryor  and Guard p u b l i s h e d  t h e i r  c o n c lu s io n  t h a t  S 2 r e a c t i o n sH
proceed  by t h e  c l a s s i c  Walden i n v e r s i o n  mechanism. T h e i r  paper  has 
been c i t e d  by numerous o t h e r  a u th o r s  and no one has  doubted the  
v a l i d i t y  of  t h e  r e s u l t s .
Breslow, Edwards,  Leone, and Pau l  von R. S c h le y e r  r e ­
c e n t l y  r e p o r t e d  t h a t  n i t r e n e  i n s e r t i o n  and f r e e - r a d i c a l  r e a c t i v i ­
t i e s  a re  dependent  in  a s i m i l a r  f a s h i o n  on t h e  same s t r u c t u r a l  
f e a t u r e s  o f  t h e  s u b s t r a t e  m o le c u le s .  T h e i r  ev idence  was t h e  c o r ­
r e l a t i o n  c o e f f i c i e n t  o f  a p l o t  o f  log  r e l a t i v e  r a t e  o f  J : - b u ty l  p e r -  
e s t e r  decom pos i t ion  v e r s u s  n i t r e n e  r e a c t i v i t i e s .  The c o r r e l a t i o n  
c o e f f i c i e n t  was 0 .9 7 8 .  In  view of  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  
shown i n  Table  3 - 10> t h e i r  c o n c lu s io n s  ap p ea r  t o  have a r a t h e r  poor 
fo u n d a t io n .
THE SIGNIFICANCE OF THE SLOPE OF LOG-LOG PLOTS OF RELATIVE RATE 
CONSTANTS:
Turning  now t o  a c o n s i d e r a t i o n  o f  t h e  t e m p e r a t u r e -  
independen t  s lo p e  f a c t o r  in  Table  J - 1 0 ,  we see  t h a t ,  in  c o n t r a s t
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t o  t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  t h i s  q u a n t i t y  shows  a  w i d e  v a r i a ­
t i o n .  H ow e ver ,  i n  no c a s e  i s  t h e  s l o p e  e q u a l  t o  u n i t y .  I t  h a s  
p r e v i o u s l y  b e e n  shown t h a t  i n  some c a s e s  t h i s  s l o p e  i s  n o t  u n i t y  
e v e n  f o r  two r e a c t i o n s  w i t h  t h e  same m e c h a n i s m ;  t h e r e f o r e ,  i t  i s  
i m p o s s i b l e  t o  d r a w  any  c o n c l u s i o n s  c o n c e r n i n g  t h e  m e c h a n i s m  o f  
r a d i c a l  d i s p l a c e m e n t  on s u l f u r  f ro m  t h e  v a l u e s  o f  t h e  s l o p e s  i n  
T a b l e  3 " 1 0 -  T h i s  f a c t  d o e s  n o t  mean  t h a t  l o g - l o g  c o r r e l a t i o n s  o f  
r e l a t i v e  r a t e  c o n s t a n t s  f o r  d i f f e r e n t  r e a c t i o n  s e r i e s  a r e  m e a n i n g ­
l e s s ,  b u t  i t  d o e s  mean t h a t  a  g r e a t  d e a l  o f  c a r e  m u s t  b e  t a k e n  i n  
c h o o s i n g  t h e  r e a c t i o n  s e r i e s  and  i n  i n t e r p r e t i n g  t h e  r e s u l t s .
C o n s i d e r  t h e  p r e v i o u s l y  d i s c u s s e d  e x a m p l e  o f  t h e  r e a c t i o n  
o f  t r i e t h y l a m i n e  and  q u i n u c l i d i n e  w i t h  a  s e r i e s  o f  a l k y l  i o d i d e s .  
B o th  r e a c t i o n s  a r e  known t o  b e  S^ 2  r e a c t i o n s ,  and  t h e  b a s i c i t y  o f  
b o t h  n u c l e o p h i l e s  a r e  a b o u t  e q u a l .  I n  t h i s  c a s e ,  t h e  s l o p e  o f  t h e  
l o g - l o g  p l o t  p r o v i d e s  u s  w i t h  a  m e a s u r e  o f  t h e  r e l a t i v e  s t e r i c  r e ­
q u i r e m e n t s  o f  t h e  two n u c l e o p h i l e s .  On t h e  o t h e r  h a n d ,  i f  we w e r e  
t o  p r e p a r e  a  l o g - l o g  p l o t  o f  t h e  r e l a t i v e  r a t e  c o n s t a n t s  f o r  a t t a c k  
o f  q u i n u c l i d i n e  and  p y r i d i n e  on a  s e r i e s  o f  a l k y l  i o d i d e s ,  t h e n  t h e  
s l o p e  w o u ld  b e  a  m e a s u r e  o f  t h e  r e l a t i v e  n u c l e o p h i l i c t i e s  o f  q u i n u c ­
l i d i n e  and  p y r i d i n e ,  b e c a u s e  t h e y  b o t h  w o u ld  b e  e x p e c t e d  t o  h a v e  
s i m i l a r  s t e r i c  r e q u i r e m e n t s .
T r o t m a n - D i c k e n s o n 33  and  P r y o r 3 4  h a v e  u s e d  l o g - l o g  p l o t s  
o f  r a t e  c o n s t a n t s  f o r  t h e  a d d i t i o n  o f  r a d i c a l s  t o  o l e f i n s  o r  a r o ­
m a t i c  h y d r o c a r b o n s  t o  d e t e r m i n e  t h e  r e l a t i v e  s e l e c t i v i t y  o f  v a r i o u s  
r a d i c a l s .  F o r  e x a m p l e ,  a  p l o t  o f  l o g  r e l a t i v e  r a t e  o f  a d d i t i o n  o f  
CC13 ‘ v e r s u s  l o g  r e l a t i v e  r a t e  o f  a d d i t i o n  o f  CH3 * t o  a  s e r i e s  o f
*See page 142.
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p o l y c y c l i c  a ro m a t i c  hyd roca rbons  has  a s lo p e  o f  app ro x im a te ly  2 .0 . 
Thus,  t h e  t r i c h l o r o m e t h y l  r a d i c a l  i s  tw ic e  as s e l e c t i v e  as i s  the  
methy l  r a d i c a l  when add ing  t o  p o l y c y c l i c  a ro m a t ic  h y d ro ca rb o n s .
The r e l a t i v e  s e l e c t i v i t y  o f  r a d i c a l s  d e te rm ined  in  t h i s  way in c lu d e s  
b o th  t h e  s t e r i c  and e l e c t r o n i c  f a c t o r s  a f f e c t i n g  t h e  r e a c t i o n s .
This  use  o f  l o g - l o g  p l o t s  o f  r a t e  c o n s t a n t s  has  proven to  be q u i t e  
u s e f u l  and i s  t h e o r e t i c a l l y  sound,  e x c e p t  t h a t  p re v io u s  a p p l i c a t i o n s  
o f  t h i s  method have n e g l e c t e d  t h e  t e m p e r a t u r e  f a c t o r  in  eq
The s e l e c t i v i t y  o f  t h e  j D - n i t r o p h e n y l  r a d i c a l  t o w a r d  d i ­
s u l f i d e s  c a n  b e  c o m p a r e d  w i t h  t h e  s e l e c t i v i t y  o f  p h e n y l  r a d i c a l s  by 
a  p l o t  o f  eq 1) - 2 b . The  s l o p e  and  c o r r e l a t i o n  c o e f f i c i e n t  f o r  s u c h  
a  p l o t  a r e  shown i n  P a r t  I I I  o f  T a b l e  3“ 10- The _ g - n i t r o p h e n y l  
r a d i c a l  i s  73% a s  s e l e c t i v e  a s  t h e  p h e n y l  r a d i c a l .  T h i s  d i f f e r e n c e  
i s  t h e  r e s u l t  o f  a  c o m p e t i t i o n  b e t w e e n  e l e c t r o n i c  and  s t e r i c  e f f e c t s .  
B o th  p h e n y l  an d  j j - n i t r o p h e n y l  r a d i c a l s  h a v e  t h e  same s t e r i c  r e q u i r e ­
m e n t s ,  b u t  j > - n i t r o p h e n y l  i s  c o n s i d e r a b l y  m o re  e l e c t r o p h i l i c . As 
t h e  a l k y l  g r o u p s  on s u l f u r  a r e  c h a n g e d  f r o m  m e t h y l  t o  _ t - b u t y l ,  t h e  
i n c r e a s e  i n  s t e r i c  h i n d e r a n c e  d e c r e a s e s  t h e  p r o b a b i l i t y  o f  r a d i c a l  
a t t a c k  a t  s u l f u r ;  b u t ,  t h e  i n d u c t i v e  e f f e c t  o f  i n c r e a s i n g  a l k y l  
s u b s t i t u t i o n  i n c r e a s e s  t h e  e l e c t r o n  d e n s i t y  a t  s u l f u r  and  t h u s  i n ­
c r e a s e s  t h e  p r o b a b i l i t y  o f  r a d i c a l  a t t a c k .  The i n c r e a s e  i n  s t e r i c  
h i n d e r a n c e  i n f l u e n c e s  b o t h  p h e n y l  an d  j ) - n i t r o p h e n y l  a t t a c k  a t  s u l f u r  
t o  t h e  same d e g r e e ,  b u t  t h e  £ - n i t r o p h e n y l  r a d i c a l  i s  m o re  r e s p o n s i v e  
t o  t h e  i n c r e a s e  i n  e l e c t r o n  d e n s i t y  a t  s u l f u r  t h a n  i s  t h e  p h e n y l  
r a d i c a l .
THE MECHANISM OF RADICAL DISPLACEMENT AT SULFUR
I t  i s  now c l e a r  t h a t  t h e  l o g - l o g  p l o t s  shown i n  F i g u r e s
3 - 1 , 3 - 3 , and  3 - 4  c a n n o t  b e  c o n s i d e r e d  a s  e v i d e n c e  o f  any s i m i l a r i t y
b e t w e e n  S„2  and  S, ,2 r e a c t i o n s ,  and  t h a t  t h e  m e c h a n i s m  f o r  t h e  r a d i c a l  N H
d i s p l a c e m e n t  a t  d i s u l f i d e  s u l f u r  m u s t  b e  c o n s i d e r e d  unknown a t  t h i s
t i m e .  H o w e v er ,  we w o u ld  l i k e  t o  s u g g e s t  t h a t  a n  a d d i t i o n - e l i m i n a t i o n
m e c h a n i s m  s h o u l d  b e  c a r e f u l l y  c o n s i d e r e d . *
The a d d i t i o n  o f  a  r a d i c a l  t o  a  d i s u l f i d e  s u l f u r  r e s e m b l e s
r a d i c a l  a t t a c k  a t  a  c a r b o n y l  g r o u p ,  i n  t h e  s e n s e  t h a t  i n  b o t h  c a s e s
t h e  a tom  u n d e r g o i n g  a t t a c k  e x p a n d s  i t s  c o o r d i n a t i o n  num ber .
0  0 
R* +  X-C-Y 3? [X-C-Y]
r
R
R- +  X -S -S -Y  st [X-S-S Y]
t
R
The a c y l  e x c h a n g e  r e a c t i o n  o f  1 , 2 , 3 - t x i o n e s  and  1 , 2 - d i o n e s  h a s  
b e e n  shown t o  p r o c e e d  by  a  f r e e  r a d i c a l ,  a d d i t i o n - e l i m i n a t i o n  
m e c h a n i s m . 35
Scheme 3 " 2
0 0  0 0
II It II II
R -C-C-C-R  -* R - C - O O  +  R-C=0 ( l )
0  0  0 0 RC=0
. " " " a " /
R-C=0 +  R-C-C-C-R  5?j=* R-C-C— 0-  ( 2 )
0  0  ^ =0
2R-C=0  -  R-C-C-R ( 3 )
* T h i s  m e c h a n i s m  was s u g g e s t e d  i n  I 9 6 2  by  W. A. P r y o r . 39
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R eac t io n  2b i s  a f f e c t e d  by t h e  s t a b i l i t y  o f  th e  a cy l  
r a d i c a l  so t h a t  a random d i s t r i b u t i o n  of p ro d u c t s  i s  n o t  o b t a i n e d .
An a d d i t i o n - e l i m i n a t i o n  mechanism f o r  hom oly t ic  d i s p l a c e ­
ment a t  s u l f u r  r e q u i r e s  t h a t  s u l f u r  expand i t s  v a le n c e  o c t e t .  The 
a b i l i t y  o f  s u l f u r  t o  accommodate more than  e i g h t  e l e c t r o n s  by u s in g  
i t s  d - o r b i t a l s  has  been reviewed by C i l e n t o 36  i n  i 9 6 0 , by P r y o r37 
i n  I9 6 2 , and by P r i c e  and Oae38  i n  I 9 6 2 .
Research  by P r i c e  and Z om lefe r40 on f r e e - r a d i c a l  a d d i t i o n s  
to  v i n y l  s u l f i d e s  and by M a r t i n 52  on t h e  r a t e s  o f  decom pos i t ion  o f  o- 
m e th y l th io p h e n y l  p e r e s t e r s  has  shown t h a t  a d - o r b i t a l  o f  s u l f u r  may 
be c a p a b le  o f  a c c e p t i n g  an u n p a i r e d  e l e c t r o n .  More c o n v in c in g  e v i ­
dence f o r  t h i s  was r e p o r t e d  by G r i t t e r  and C a r e y . 41 They found t h a t  
th e  J : -butoxy r a d i c a l  r e a c t s  w i th  phenyl s u l f i d e  t o  g ive  phenyl 
s u l f o x i d e  and _ t -bu ty l  r a d i c a l s .
Ph-S-Ph + t-BuO’ -* [Ph-S-Ph ]* -» Ph-S-Ph + t_-Bu-
1 I I
OBu-_t 0
When t - b u t y l  p e ro x id e  i s  used as t h e  source  o f  t - b u t o x y  r a d i c a l s ,  
th e  p r o d u c t i o n  o f  a c e to n e  and phenyl t o l y l  s u l f i d e  i n d i c a t e s  t h a t  
t h e  r e a c t i o n  o ccu r s  by a f r e e  r a d i c a l  mechanism. The e x i s t e n c e  of  
_ t -bu ty l  r a d i c a l s  was proven by i s o l a t i n g  _ t -bu ty l  c h l o r i d e  from th e  
r e a c t i o n  o f  _ t -bu ty l  h y p o c h l o r i t e  and phenyl s u l f i d e .
0
Ph-S-Ph + t-BuOCl Ph-S-Ph + t-Bu*
t-Bu-  + t-BuOCl -* t-BuCl + t-BuO*
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Other workers  have p o s t u l a t e d  t h e  e x i s t e n c e  o f  su l fon ium  r a d i c a l s ,  
bu t  t h e i r  ev idence  i s  n o t  so d i r e c t . 4 2 *43
There  i s  an i n c r e a s i n g  amount o f  ev idence  t h a t  n uc leo -  
p h i l i c  s u b s t i t u t i o n  a t  s u l f u r  p roceeds  by an a d d i t i o n - e l i m i n a t i o n  
mechanism. P ryo r  and T o n e l l a t o  r e p o r t e d  t h a t  0 -18  exchange b e - • 
tween t h i o s u l f a t e  and w a te r  i s  an a d d i t i o n - e l i m i n a t i o n  r e a c t i o n  t h a t  
in v o lv e s  a p e n t a c o v a l e n t  i n t e r m e d i a t e . 44
J e n s e n 45 has  proposed  t h a t  t h e  n u c l e o p h i l i c  s c i s s i o n  o f  
d i s u l f i d e s  by t r i v a l e n t  phosphorus  e s t e r s  p roceeds  by a d d i t i o n -  
e l i m i n a t i o n .
P ( 0 E t )3 P ( 0 E t ) 3
RSSR' + P ( 0 E t )3 -* [R-S-S-R '  ^  R-S-S"-R/ ]
1
+ _
RSP(0Et ) 3 + R ' -S
where R ' s "  i s  a more s t a b l e  an ion  than  i s  RS- . I f  t h e  r e a c t i o n  
were to  p roceed  by d i r e c t  n u c l e o p h i l i c  d i sp lacem en t  on one o f  the  
s u l f u r  a toms,  th e  d i r e c t i o n  o f  c lea v a g e  should  depend on which 
s u l f u r  atom i s  a t t a c k e d  by th e  p h o s p h i t e ,  and t h i s  i n  t u r n  should  
be d e te rm in e d  by t h e  p o l a r i z a t i o n  of  t h e  d i s u l f i d e  bond. Thus,  
th e  n u c l e o p h i l i c  phosphorus  atom should  a t t a c k  and become a t t a c h e d  
t o  t h e  s u l f u r  atom a d j a c e n t  to  t h e  more e l e c t r o n - w i t h d r a w i n g  sub­
s t i t u e n t ,  R ' .  Support  f o r  t h i s  c o n c lu s io n  i s  p rov ided  by ob se rv a ­
t i o n s  t h a t  e l e c t r o p h i l i c  r e a g e n t s ,  such as s u l f e n y l  h a l i d e s  and 
p e r a c i d s ,  a t t a c k  t h e  s u l f u r  atom remote from the  e l e c t r o n - w i th d r a w in g  
s u b s t i t u e n t .
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Jen sen  found t h a t  th e  n u c l e o p h i l i c  phosphorus  atom be­
comes a t t a c h e d  t o  t h e  same atom as i s  a t t a c k e d  by th e  e l e c t r o p h i l i c  
r e a g e n t s .  S im i l a r  r e s u l t s  have been observed  w i th  o t h e r  n u c l e o ­
p h i l i c  r e a g e n t s ,  i n c l u d i n g  such s imple  n u c l e o p h i l e s  as c y an id e ,  
i o d i d e ,  m e rc a p t id e  and t h i o c y a n a t e .  S ince  i t  i s  no t r e a s o n a b le  t o  
expec t  e l e c t r o p h i l e s  and n u c l e o p h i l e s  to  a t t a c k  th e  same s u l f u r  
atom, then  n u c l e o p h i l i c  a t t a c k  must in v o lv e  th e  fo rm a t io n  o f  a t r a n ­
s i e n t  ; i n t e r m e d i a t e ,  so t h a t  no m a t t e r  which s u l f u r  atom i s  a t t a c k e d  
i n i t i a l l y ,  th e  more s t a b l e  m e rc ap t id e  ion  i s  p r e f e r e n t i a l l y  e j e c t e d .
Although th e  s t a b i l i t y  o f  the  an ion  de te rm in es  which 
m e rc a p t id e  i s  d i s p l a c e d ,  i t  does n o t  appea r  t o  c o n t r o l  t h e  r a t e  o f  
t h e  r e a c t i o n .  Jensen  s u g g es t s  t h a t  t h e  r a t e - l i m i t i n g  s t e p  i s  th e  
i n i t i a l  a t t a c k  o f  t h e  p h o sp h i t e  on th e  d i s u l f i d e .
CONCLUSIONS:
I t  i s  im p o ss ib le  t o  deduce th e  geometry o f  a t r a n s i t i o n  
s t a t e  from e i t h e r  th e  degree  of c o r r e l a t i o n  o r  t h e  magnitude  of  th e  
s lo p e  o f  a l o g - l o g  p l o t  of t h e  r e l a t i v e  r a t e  c o n s t a n t s  f o r  two r e ­
a c t i o n s  .
The geometry o f  th e  t r a n s i t i o n  s t a t e  f o r  S 2 r e a c t i o n s  i s
unknown.
The mechanism of t h e  r a d i c a l  d i sp lacem en t  r e a c t i o n  a t  d i ­
s u l f i d e  s u l f u r  i s  a l s o  unknown, but t h e r e  i s  c o n s i d e r a b l e  reason  
to  b e l i e v e  t h a t  t h e  r e a c t i o n  proceeds  by an a d d i t i o n - e l i m i n a t i o n  
mechanism.
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PART IV
CAGE PROCESSES IN THE DECOMPOSITION OF 
PHENYLAZOTRIPHENYLMETHANE
INTRODUCTION
Cage p r o c e s s e s  f o r  p h e n y laz o t r ip h en y lm e th a n e  (PAT) and 
o t h e r  a r y l a z o t r i p h e n y l m e t h a n e  i n i t i a t o r s  have been p a r t i c u l a r l y  
t roub lesom e  to  i d e n t i f y .  In  1962, E l i e l ,  E b e r h a r d t , Simamura and 
Myerson r e p o r t e d  t h a t  a ro m a t ic  p h e n y la t i o n  by t h e  phenyl r a d i c a l s  
from PAT was e n t i r e l y  a cage phenomenon . 1 They proposed  t h a t  
p h e n y l a t i o n ,  in  benzene as a s o l v e n t ,  was a d i f f u s i o n  c o n t r o l l e d  
r e a c t i o n  i n  which phenyl r a d i c a l s  and t r i p h e n y l m e t h y l  r a d i c a l s  a r e  
g e n e r a te d  s i m u l t a n e o u s ly  and i n  j u x t a p o s i t i o n , a n d  then  r a p i d l y  and 
s im u l t a n e o u s ly  r e a c t  (by a d d i t i o n  and hydrogen a b s t r a c t i o n ,  r e s p e c t - - 
i v e l y )  w i th  t h e  n e a r e s t  c o r n e r  o f  a benzene m o le c u le .  According  to  
t h i s  mechanism, phenyl  and t r i t y l  r a d i c a l s  n e v e r  e x i s t  i n  f r e e  
s o l u t i o n  and sh o u ld ,  t h e r e f o r e ,  no t be s ca v e n g e a b le .  However,
Huisgen and Nakaten  r e p o r t e d  i n  195^- t h a t  i o d i n e  and n i t r o u s ,  
ox ide  scavenged  bo th  t h e  t r i t y l  and th e  phenyl  r a d i c a l s . 2 In  o rd e r  
to  e x p l a i n  t h i s  r e s u l t ,  E l i e l ,  £ t  aT. , p roposed  t h a t  i o d in e  and 
NO in  h ig h  c o n c e n t r a t i o n s  cou ld  compete f o r  t h e  caged r a d i c a l s  
w i th  t h e  benzene m o le c u le s  in  t h e  w a l l s  o f  t h e  cage .
E l i e l ' s  mechanism was im media te ly  c h a l l e n g e d  by B r id g e r  
R u s s e l l 3 and by G a rs t  and C o le . 4 R u s s e l l  p o i n t e d  ou t  t h a t  i f  
a r y l a t i o n  were a d i f f u s i o n  c o n t r o l l e d  r e a c t i o n ,  then  i t  would have 
an a c t i v a t i o n  energy  of  e s s e n t i a l l y  z e r o .  S ince  he found t h a t  
hydrogen a b s t r a c t i o n  from a r a l k y l  hydroca rbons  and c h l o r i n e  a b s t r a c ­
t i o n  from carbon  t e t r a c h l o r i d e  cou ld  compete w i t h  a d d i t i o n  t o  th e  
a rom at ic  n u c l e u s ,  t h e n  t h e s e  two r e a c t i o n s  would a l s o  have t o  have
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an a c t i v a t i o n  energy  n e a r  z e r o .  However, R u s s e l l  found t h a t  when 
PAT i s  a l lowed t o  decompose in  m ix tu r e s  o f  a r a l k y l  hydrocarbons  
and carbon  t e t r a c h l o r i d e ,  th e  y i e l d  of  benzene  p lu s  ch lo robenzene  
i s  in  t h e  range  o f  60 - 90$ ,  and a p r e d i c t a b l e  r e a c t i v i t y  s e r i e s  i s  
o b ta in e d  by u s in g  d i f f e r e n t  hydrogen donors .  These r e s u l t s  would 
no t  be expec ted  i f  th e  r e a c t i o n s  o f  t h e  phenyl r a d i c a l s  were d i f ­
fu s io n  c o n t r o l l e d .
G ars t  o b j e c t e d  to  E l i e l ' s  mechanism f o r  two r e a s o n s .  
F i r s t ,  he  found t h a t  io d in e  cou ld  scavenge phenyl r a d i c a l s  in  t o l ­
uene w i th  an e f f i c i e n c y  o f  90$ or  b e t t e r ,  even when th e  io d in e  con­
c e n t r a t i o n  was as low as 3 x 10" 2 m o la r .  Waits and Hammond had 
a l r e a d y  r e p o r t e d  t h a t  c o n c e n t r a t i o n s  o f  bromine in  ch lo robenzene  
approach ing  2 .0  molar  were n e c e s s a r y  t o  su p re s s  as much as 90$ of  
t h e  geminate  r e co m b in a t io n  o f  an azo i n i t i a t o r . 5 T h e r e f o r e ,  the  
i o d i n e  r e s u l t s  show t h a t  most o f  t h e  phenyl r a d i c a l s  produced by 
t h e  decom pos i t ion  o f  PAT i n  t o lu e n e  e scape  geminate  r e a c t i o n s .
Secondly ,  he found t h a t  t h e  decom pos i t ion  o f  PAT in  t o l ­
uene y i e l d s  about 50$ benzene ,  w h i l e  decom pos i t ion  in ch lo robenzene  
y i e l d s  l e s s  than  3$ benzene .  Thus ,  t h e  benzene must r e s u l t  from 
a t t a c k  of  phenyl  a t  t h e  methyl  group.
Ph* + PhCH3 -  PhH + PhCH2 - (4 -1 )
Unless  r e a c t i o n  4-1 i s  s u f f i c i e n t l y  r a p i d  to  compete w i th  d i f f u s i o n  
s e p a r a t i o n  o f  geminate  p a i r s ,  a t  l e a s t  50$ o f  th e  phenyl r a d i c a l s  
must e scape  geminate  r e a c t i o n s .
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Hydrogen a b s t r a c t i o n  by methyl  r a d i c a l s  from to lu e n e  has 
a r a t e  c o n s t a n t  o f  l e s s  th a n  10“ 4 1-mole- 1- s e c ' 1 , 4 and th e  maximum 
l i f e t i m e  o f  th e  geminate  p a i r  i s  e s t i m a te d  by Noyes6 t o  be about 
10- 9  s e c .  Thus ,  i t  i s  im p o ss ib le  f o r  r e a c t i o n  4-1 t o  compete w i th  
a gemina te  r e a c t i o n .
N e i t h e r  R u s s e l l  n o r  G ars t  were a b l e  to  accoun t  f o r  100$ 
o f  t h e  phenyl r a d i c a l s  as r e a c t i o n  p ro d u c t s  i n  f r e e  s o l u t i o n .
R u s s e l l  p roposed  t h a t  about  7$ o f  t h e  phenyl r a d i c a l s  were invo lved  
in  cage  r e a c t i o n s  w i th  t h e  t r i t y l  r a d i c a l  t o  g ive  te t r a p h en y lm e th a n e  
and 9~ p h e n y l f l u o r e n e , and t h a t  3 $ ° f  them produced benzene as a 
cage  p r o d u c t .  Th is  l a t t e r  p r o p o s a l  was based on th e  o b s e r v a t i o n  
t h a t  t h e  d e com pos i t ion  o f  PAT in  pu re  CCl4 produced benzene .  The 
y i e l d  o f  benzene  was found t o  d e c r e a s e  l i n e a r l y  w i th  a d e c r e a s e  in  
t h e  i n i t i a l  c o n c e n t r a t i o n  o f  PAT, and to  g ive  an e x t r a p o l a t e d  y i e l d  
o f  3$  a t  z e r o  PAT c o n c e n t r a t i o n .
In  1964, P r y o r  and Guard7 confi rmed R u s s e l l ' s  o b s e r v a t i o n  
t h a t  benzene i s  produced when PAT i s  decomposed i n  pure  CCl4 . I t  
was no ted  t h a t  th e  amount o f  benzene produced a t  v e ry  low i n i t i a l  
c o n c e n t r a t i o n s  o f  PAT c l o s e l y  co r re sp o n d ed  to  th e  amount o f  phenyl 
r a d i c a l s  t h a t  G a rs t  and Cole had shown to  be u n s c a v e n g e a b le .
In I 9 6 6 , Pryor, Echols and Smith8 reported the study of  
a series o f  substituted PAT-type compounds with the structure
p-X-Ar-N=N-CPh3
where X i s  n i t r o ,  bromo, o r  m e th y l .  Each one o f  t h e s e  r a d i c a l  
so u rc e s  produced ArH when a l low ed  t o  decompose in  pure  carbon
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t e t r a c h l o r i d e .  The y i e l d  o f  ArH appeared  t o  e x t r a p o l a t e  to  3 t o  4 
pe r  c e n t  a t  i n f i n i t e  d i l u t i o n .  A d e t a i l e d  s tudy  of  th e  decomposi­
t i o n  of jD -n i t ro p h en y laz o t r ip h e n y lm e th a n e  (NAT) showed t h a t  a l a r g e r  
y i e l d  o f  ArH was o b ta in e d  in  s o l v e n t s  o f  h i g h e r  v i s c o s i t y .  These 
f a c t s  seemed t o  imply t h a t  ArH was a cage p ro d u c t .  However, i t  was 
a l s o  shown t h a t  th e  s o l v e n t  carbon d i s u l f i d e  or  a s o l u t i o n  of  
io d i n e  in  ca rbon  t e t r a c h l o r i d e  r e s u l t e d  in  t h e  e l i m i n a t i o n  o f  ArH
as a p roduc t ,  and t h e s e  f a c t s  argue a g a i n s t  ArH b e in g  a cage p ro d u c t .
The purposes  of  t h i s  s tudy  a re :  ( l )  to  de te rm ine  whether
or  n o t  ArH i s  a cage p r o d u c t ,  (2) i f  ArH i s  a cage p r o d u c t ,  t o
d e te rm in e  what p e r  c e n t  o f  th e  t o t a l  y i e l d  i s  due to  a cage p r o c e s s ,  
and (3 ) i f  ArH i s  n o t  a cage p r o d u c t ,  t o  de te rm ine  i f  t h e r e  a r e  
any cage p r o d u c t s .
EXPERIMENTAL
METHOD:
In  our  s t u d i e s  of  cage p r o c e s s e s ,  we have  used  NAT to  i n ­
v e s t i g a t e  t h e  y i e l d  o f  ArH in  carbon  t e t r a c h l o r i d e  and PAT to  
d e te rm in e  t h e  y i e l d  o f  r a d i c a l  c o u p l in g  p ro d u c t s  such as  t e t r a -  
phenylmethane .  Both PAT and NAT were used  t o  s i m p l i f y  th e  a n a l y ­
t i c a l  p rob lem s ,  b u t ,  o f  c o u r s e ,  i t  i n v o lv e s  t h e  assum pt ion  t h a t  
th e  cage p r o c e s s e s  f o r  t h e s e  two i n i t i a t o r s  a r e  t h e  same. The 
work o f  P r y o r ,  E c h o l s ,  and Smith8 as w e l l  as  c o n s i d e r a b l e  unpub­
l i s h e d  work by J .  0.  Sch reck 9 i n d i c a t e s  t h a t  a l l  PAT-type compounds 
decompose by a s i m i l a r  mechanism.
Produc t  y i e l d s  were de te rm ined  by g lpc  a n a l y s i s  o f  com­
p l e t e l y  decomposed s o l u t i o n s  o f  PAT o r  NAT.
MATERIALS:
The p r e p a r a t i o n  and p u r i f i c a t i o n  o f  PAT and NAT have been 
d e s c r i b e d  p r e v i o u s l y . *
Carbon t e t r a c h l o r i d e  was s p e c t r a l  g rade  and was s t o r e d  
ove r  c a lc iu m  h y d r id e  b e f o r e  i t  was used .  Io d in e  was subl imed a t  
reduced  p r e s s u r e  and s t o r e d  over  P2O5 . lodobenzene  and n i t r o ­
benzene were o b ta in e d  from Eastman Kodak and were used w i th o u t  
f u r t h e r  p u r i f i c a t i o n  a f t e r  g lpc  a n a l y s i s  showed them t o  be 98$ 
p u re .  j ) -N i t ro io d o b e n ze n e  was r e c r y s t a l l i z e d  tw ic e  from benzene.  
A n a ly s i s  by g lpc  i n d i c a t e d  t h a t  i t  was 99$ p u re .  T e t r a p h e n y l -  
methane and b ip h en y l  d iphenylm ethane  were p r e p a r e d  by J .  0.  S c h re c k . 9
*See page 3 o f  t h i s  D i s s e r t a t i o n .
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D i p h e n y l p i c r y l h y d r a z r y l , DPPH, was pu rchased  from Eastman Kodak 
and used  w i th o u t  f u r t h e r  p u r i f i c a t i o n .
PROCEDURE:
Samples were p re p a red  by weighing  th e  azo compound i n t o  
a t a r e d  v o lu m e t r i c  f l a s k .  The s i z e  of t h e  v o lu m e t r i c  f l a s k  v a r i e d  
from 1 t o  10 m l ,  depending  upon what f i n a l  c o n c e n t r a t i o n  of  azo 
compound was d e s i r e d .  This  v a r i a t i o n  was n e ce s s a r y  in  o r d e r  t o  
min imize  w eigh ing  e r r o r s  by n ev e r  weigh ing  l e s s  th a n  12 mg o f  t h e  
azo compound. The azo compound was t h e n  d i s s o l v e d  in  t h e  appro-  
p r i a t e  s o l v e n t ,  t r a n s f e r r e d  i n t o  two ampoules,  degassed  and s e a l e d  
under  vacuum.
Thermal d e c o m p o s i t io n : Samples t o  be t h e r m a l l y  decomposed
were p la ce d  in  a c o n s t a n t  t e m p e ra t u re  b a th  f o r  t e n  h a l f - l i v e s  o f  the  
azo compound. The c o n s t r u c t i o n  and s p e c i f i c a t i o n s  o f  t h e  c o n s t a n t  
t e m p e ra tu re  b a th s  are d i s c u s s e d  on page 3 t h i s  D i s s e r t a t i o n .
Photochemical  d e c o m p o s i t io n : The pho tochem ica l  decomposi­
t i o n  o f  NAT was e f f e c t e d  in  a Rayonet R ea c to r  w i th  3500 A lamps a t  
4 6 .2 ° .  The h a l f  l i f e  o f  NAT under  t h e s e  c o n d i t i o n s  i s  20 m i n s .
The h a l f - l i f e  f o r  t h e  the rm a l  decom pos i t ion  o f  NAT a t  4 6 .2 °  i s  
512 m i n s .
A n a l y t i c a l  T echn ique : A na lyses  were performed on a Micro-
Tek Model 2000R gas chromatograph  w i th  dua l  columns,  t e m p e ra t u re  
programming, and f l a m e - i o n i z a t i o n  d e t e d t o r s .  A W es t ron ic s  r e c o r d e r  
w i th  D iscC har t  I n t e g r a t o r  was u sed .  A n a ly s i s  o f  unknown s o l u t i o n s  
was e i t h e r  p receded  o r  fo l lowed  by a n a l y s i s  of  a known s o l u t i o n .
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S tanda rd  s o l u t i o n s  f o r  g lpc  a n a l y s i s  were p re p a red  in  
d u p l i c a t e  and checked a g a i n s t  each o t h e r .  I f  th e  check was not 
s a t i s f a c t o r y ,  a n o t h e r  s t a n d a r d  was p re p a red  and checked a g a i n s t  
t h e  p re v io u s  two.
The y i e l d  o f  p ro d u c t s  was o b ta in e d  by compar ison of
t h e  peak a r e a  o f  th e  unknown w i th  t h e  peak a r e a  o f  t h e  same s i z e
i n j e c t i o n  o f  a s t a n d a r d .  Both t h e  sample and th e  unknown were 
i n j e c t e d  a t  l e a s t  t w i c e .  I f  t h e  peak a r e a  o f  t h e  f i r s t  two i n ­
j e c t i o n s  d id  n o t  ag ree  t o  w i th in  5$j th e n  t h e  i n j e c t i o n s  were 
r e p e a t e d  u n t i l  such agreement  was o b t a i n e d .  Product  y i e l d  was 
c a l c u l a t e d  as i l l u s t r a t e d  below f o r  ArH:
. .. (P.A. ArH) [ArH]stdY ie ld  ArH = -“-ft s L x v- — ;--------[AzoJq (P.A. Std)
where (P.A. ArH) i s  t h e  peak a r e a  of  t h e  ArH i n  t h e  sample,
[Az o ]q i s  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  azo compould,  [ArH]g t ^ i s  
th e  m o l a r i t y  of  t h e  s t a n d a r d ,  and (P.A. S td )  i s  t h e  peak a r e a  o f  
th e  s t a n d a r d .
This  method o f  a n a l y s i s  r e q u i r e s  t h a t  i d e n t i c a l ,  s i z e  
samples be i n j e c t e d  i n t o  t h e  gas chromatograph.  The a u th o r  be ­
l i e v e s  t h a t  t h i s  method i s  s u p e r i o r  to  t h e  use  o f  p e a k - a r e a  v e r s u s
m o l a r i t y  p l o t s  whenever a f lame i o n i z a t i o n  d e t e c t o r  i s  used on t h e
gas chromatograph.
e s r  E x p e r im e n t s : To t e s t  t h e  r e l a t i o n s h i p  between t h e
h e i g h t  o f  t h e  f i r s t  d e r i v a t i v e  s i g n a l  and th e  number o f  moles  o f  
f r e e  r a d i c a l s  w i t h i n  t h e  c a v i t y ,  s i x  samples o f  DPPH were weighed
163
out on a Cahn E l e c t r o b a l a n c e .  The b a la n c e  was s e t  on t h e  5 mg 
range  and s i n g l e  "lumps" o f  DPPH weighing  from 0 .0 0 4 7  and 0 .0141 
mg were weighed and s t o r e d  in  m e l t i n g  p o in t  t u b e s .
The s m a l l e s t  "lump" of  DPPH was p la ce d  in  an open e s r  
tu b e  in  t h e  c a v i t y  of  t h e  i n s t r u m e n t , and th e  i n s t ru m e n t  tuned  and 
a d j u s t e d  u n t i l  a  s a t i s f a c t o r y  s i g n a l  was o b ta in e d .  Then each  o f  
th e  o t h e r  DPPH samples  were added to  th e  open tube  w i th o u t  d i s ­
tu r b i n g  t h e  geometry o f  t h e  sys tem. A f t e r  each sample was added, 
t h e  spec t rum was re c o rd e d .  The h e i g h t  o f  th e  second d e r i v a t i v e  
s i g n a l  was found to  be a l i n e a r  f u n c t i o n  o f  t h e  number o f  moles o f  
DPPH w i t h i n  t h e  c a v i t y .  A sample o f  PAT i n  CCl4 , 0 .0 5  m o la r ,  was 
degassed  and s e a l e d  i n  a s t a n d a r d  q u a r t z  e s r  sample t u b e .  The e s r  
in s t ru m e n t  was a d j u s t e d  and c a l i b r a t e d  on a sample o f  t r i t y l  r a d i ­
c a l s  (f rom hex ap h en y le th an e )  in  CCl4 . The c a v i t y  of t h e  i n s t r u ­
ment was h e a te d  to  60°  + 0 .2  w i th  th e  J e o l c o  v a r i a b l e  t e m p e ra tu re  
a c c e s s o r y ,  and th e  sample o f  PAT in  CCl4 was i n s e r t e d .  The spectrum 
was r e c o rd ed  a f t e r  6 mins .  and p e r i o d i c a l l y  t h e r e a f t e r  f o r  more 
th e n  10 h a l f - l i v e s  o f  PAT.
A l l  measurements  were made on a J e o l c o  Model JES 3BS-X 
s p e c t r o m e t e r .
RESULTS AND DISCUSSION
Is  ArH a Cage P ro d u c t?
The id e a  t h a t  ArH was a cage p ro d u c t  go t  s t a r t e d  because  
t h e  y i e l d  o f  ArH d id  n o t  e x t r a p o l a t e  t o  ze ro  c o n c e n t r a t i o n  o f  t h e  
azo compound. In most c a s e s ,  t h i s  e x t r a p o l a t i o n  was made from d a t a  
i n  which th e  lowest  i n i t i a l  c o n c e n t r a t i o n  o f  azo compound was no t  
l e s s  than  0 .0 3  m o la r ,  and on ly  fo u r  o r  f i v e  p o i n t s  were d e t e r m i n e d . 8 *10 
In  o rd e r  t o  e s t a b l i s h  a c c u r a t e l y  t h e  y i e l d  o f  ArH a t  i n f i ­
n i t e  d i l u t i o n ;  .i .e:.  , z e ro  i n i t i a l  c o n c e n t r a t i o n  o f  azo compound, a 
s e r i e s  o f  10 s o l u t i o n s  o f  NAT in  CC14 was p r e p a r e d .  The m o l a r i t y
o f  t h e s e  s o l u t i o n s  ranged from O.OO52 M t o  0 .0 6 8 7  M- Each one of
t h e s e  s o l u t i o n s  was s p l i t  i n t o  two a l i q u o t s  and s e a l e d  i n t o  g l a s s  
ampoules.  One s e t  o f  ampoules was a l low ed  t o  decompose in  a p h o t o ­
chemica l  r e a c t o r  a t  4 6 .2°  f o r  t e n  h a l f - l i v e s  = mi n s )- The
samples  were ana lyzed  f o r  t h e  y i e l d  o f  ArH and ArCl.  The r e s u l t s
a r e  shown i n  Table  4-1 .
The p l o t  o f  pe r  c e n t  y i e l d  o f  ArH v e r s u s  i n i t i a l  concen­
t r a t i o n  o f  NAT shown in  F ig .  4-1 i s  c o n c l u s i v e  p r o o f  t h a t  ArH i s  
no t  a cage p roduc t  i n  e i t h e r  th e  th e rm a l  o r  p h o to -d e c o m p o s i t io n  of  
a r y l a z o t r i p h e n y l m e t h a n e s .
In  r e t r o s p e c t  i t  seems h a rd  t o  b e l i e v e  t h a t  hydrogen a b s ­
t r a c t i o n  was e v e r  s e r i o u s l y  c o n s i d e r e d  as  a p o s s i b l e  cage  p r o c e s s .
The a c t i v a t i o n  energy f o r  hydrogen a b s t r a c t i o n  by a methy l  r a d i c a l  
in  s o l u t i o n  v a r i e s  from 6 to  I 3 k c a l / m o le  depending  on t h e  hydrogen 
d o n o r . 11 The r e a c t i v i t y  o f  a r y l  r a d i c a l s  i s  s i m i l a r  to  methy l  r a d i ­
c a l s .  The energy  o f  a c t i v a t i o n  f o r  d i f f u s i o n  from t h e  cage ,  in
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T able  4 -1 .  P ro d u c ts  from th e  Thermal and Pho tochem ical Decomposi-
t i o n o f  NAT in CC14.
I 1 _1 o Thermal Photochemical$ArH $ArCl foArH fcArCl
0 .0 0 5 2 0 .9 5 79-0 1 .0 2
0 .0 0 7 9 1.90 7 8 .0 2 .5 2 68 .5
0 . 0105 :, 2 .8 0 78.5 3 .5 2 68.5
0 .0148 5 .89 8 4 .4 3-98 59*9
0 .0 1 9 9 4.25 7 1 .0 5.^5 53-2
0 .0 5 1 0 5 .6 5 67 .5 5.90 48.1
0 .0424 6 .8 5 6 0 .2 6 .2 5 44.0
0 .0 4 6 9 7.15 59.0 5.32 40.0
0 .0 6 2 1 7 .6 2 55-0 6 .9 8 35*5
0 .0 6 8 7 7 .75 51-3 7 .0 2 3 0 .9
s o l v e n t s  o f  normal v i s c o s i t y ,  i s  on ly  about  2 k c a l / m o l e ;  t h u s ,  
hydrogen a b s t r a c t i o n  shou ld  no t  be ex p ec ted  to  be a cage p r o c e s s .
The c o n c lu s io n  t h a t  ArH i s  n o t  a cage  p ro d u c t  r e q u i r e s  a 
new e x p l a n a t i o n  f o r  t h e  observed  i n c r e a s e  i n  t h e  y i e l d  o f  ArH as 
t h e  s o lv e n t  v i s c o s i t y  i s  i n c r e a s e d .8 An e x p l a n a t i o n  f o r  t h i s  i n ­
crease is sug g es ted  by th e  o b s e r v a t i o n  t h a t  t h e  r a t e  o f  decom pos i t ion  
o f  NAT and PAT d e c r e a se s  as t h e  s o l v e n t  v i s c o s i t y  i n c r e a s e s .  A de­
c r e a s e  in  th e  r a t e  o f  decom pos i t ion  o f  th e  azo compound c au se s  t h e  
" s t a n d i n g 1 c o n c e n t r a t i o n  o f  t r i t y l  r a d i c a l s  t o  d e c r e a s e .  Thus,  the  
number of a r y l  r a d i c a l s  scavenged by t r i t y l  w i l l  d e c r e a s e  and more 
o f  them w i l l  be a v a i l a b l e  to  form ArH.
F ig u r e  h -1 .  The y i e l d  o f  n i t r o b e n z e n e ,  ArH, and j D - n i t ro c h l o ro b e n z e n e , 
A r C l , from th e  th e rm a l  and p ho tochem ica l  decom pos i t ion  
o f  NAT In  CC14 a t  4 6 .2 ° .
U n i t s :
[NAT]^, moles/liter
io Yield, moles/mole of [NAT]^
Scale factor:
[NAT]q x 102 
io Y ie ld  x 1
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I n d i r e c t  ev idence  t o  su p p o r t  t h i s  s u g g e s t io n  i s  p rov ided  
by t h e  o b s e r v a t i o n  t h a t  i f  t h e  r a t e  of  decom pos i t ion  o f  NAT i s  i n ­
c r e a s e d  by e i t h e r  r a i s i n g  th e  t e m p e ra tu re  o f  t h e  th e rm a l  decompo­
s i t i o n  o r  by pe r fo rm ing  th e  decom pos i t ion  p h o to c h e m ic a l ly , then  
t h e  y i e l d  o f  ArH d e c r e a s e s .
The v a r i a t i o n  in  t h e  y i e l d  of  ArH w i th  s o lv e n t  v i s c o s i t y  
cou ld  a l s o  be e x p la i n e d  i f  ArH were produced by th e  r e a c t i o n  o f  
Ar* r a d i c a l s  w i th  some hydrogen donor which was a cage p ro d u c t ,  
f o r  example XH.
[Ph- + -CPh3 ] -  [P£> (^}=C Ph2]
XH
I n c r e a s i n g  t h e  s o l v e n t  v i s c o s i t y  would i n c r e a s e  th e  y i e l d  of  XH 
produced in  t h e  cage and th u s  i n c r e a s e  th e  y i e l d  o f  ArH. The most 
im p o r ta n t  t e r m i n a t i o n  r e a c t i o n  i n  t h e  decom pos i t ion  o f  PAT in  CCl4 
o ccu r s  between t r i t y l  and t r i c h l o r o m e t h y l . Th is  t e r m i n a t i o n  p ro ­
c e s s  and o t h e r s  undoub ted ly  produce so many moles  o f  hydrogen 
d o n o r s ,  w i th  t h e  same g e n e r a l  s t r u c t u r e  as XH, t h a t  any v a r i a t i o n  
i n  th e  amount o f  XH produced in  th e  cage would no t  a f f e c t  t h e  
y i e l d  o f  ArH.
Are There  Any Cage P r o d u c t s ?
The s e a rc h  f o r  cage p ro d u c t s  in  t h e  decom pos i t ion  o f  PAT- 
type  compounds i s  prompted by th e  f a c t  t h a t  100$ o f  th e  a r y l
*Hey and Tew f ik11^ i s o l a t e d  a 30$ y i e l d  o f  Ph3C-CCl3 , bu t  found no 
h e x a c h l o r o e t h a n e . .
168
r a d i c a l s  cannot  be accounted  f o r  by any f r e e  s o l u t i o n  p roduc t  or  
p r o d u c t s .
G ars t  and C o le4 were un ab le  to  scavenge more than  971° o f 
t h e  a r y l  r a d i c a l s  w i th  h igh  c o n c e n t r a t i o n s  o f  io d in e  or carbon 
t e t r a b r o m i d e , even though they  found i t  r e l a t i v e l y  easy to  scavenge 
about 90$ o f  them a t  low scavenge r  c o n c e n t r a t i o n s .  E xhaus t ive  ex­
p e r im e n ts  in  t h e se  l a b o r a t o r i e s  by Sh reck9 w i th  i o d in e  and carbon 
t e t r a b r o m i d e  as scavengers  a l s o  f a i l e d  t o  accoun t  f o r  100$ of th e  
a r y l  r a d i c a l s .  Table  4 -2  shows some t y p i c a l  d a t a .
Tab le  4- 2. Scavenging Exper im ents  w i th PAT a t 6o°.
°to Y ie ld
S o lv e n t Scavenger ArH ArCI ArX - T o ta l
CC14 0.12M I 2 O. 5 11 79 90 -
CC14 V a r i a b l e  12 0 .5 14 79 93 £
Toluene 0.15M CBr4 --------- — 88 —
Toluene V a r i a b l e  CBr4 --------- - - 85 —
CC14 0 . 1 5M CBr4 0 . 5 6 90 96 ^
CC14 V a r i a b l e  CBr4 0 . 5 6 88 94 —
(a )  A r l  o r  ArBr,  depending  on w he ther  I 2 or  CBr4 i s  th e  s cavenger .
(b) The t o t a l  y i e l d  was s t u d i e d  f o r  a range  o f  PAT i n i t i a l  concen­
t r a t i o n s  and was found to  be app ro x im a te ly  independent  o f  
t h i s  v a r i a b l e .
(c )  Var ious  c o n c e n t r a t i o n s  o f  carbon  t e t r a b r o m i d e  have been exa­
mined. The t o t a l  y i e l d  was rough ly  independen t  o f  th e  i n i t i a l  
scavenger  c o n c e n t r a t i o n ,  a l t h o u g h ,  o f  c o u r s e ,  the  p ro d u c t  mix­
t u r e  changes  d r a s t i c a l l y  as t h e  scavenger  c o n c e n t r a t i o n  i s  
v a r i e d .  The i n i t i a l  c o n c e n t r a t i o n  o f  PAT was 0 .0 5  M.
(d) The y i e l d  o f  ArBr d e c r e a s e s  as  [PAT]0 i s  i n c r e a s e d ,  presumably
due t o  c o m p e t i t i o n  between t r i t y l  and CBr4 . These y i e l d s  a re
th e  maximum v a l u e s ,  o b t a i n e d  a t  0.02M [PAT]Q.
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I t  i s  c o n ce iv a b le  t h a t  s p u r i o u s l y  low y i e l d  o f  A r l  in  
scavenger  exper im en ts  could  r e s u l t  from th e  r a d i c a l  induced de- 
s t r u c t i o n  o f  A r l .  We i n v e s t i g a t e d  t h i s  p o s s i b i l i t y  by a l lo w in g  
PAT t o  decompose in  a s o l u t i o n  o f  j> - n i t ro io d o b e n z e n e ; _i-.e. , A r l  
from NAT. The r e s u l t s  a r e  shown in  Table  4-3*
Table  4-3 • The Exchange o f  I o d id e  by R ad ica l s  in  CC14 a t  60° .
C o n c e n t r a t i o n s
Experiment No. 1 Experiment  No. 2
I n i t i a l F i n a l  I n i t i a l F i n a l
PAT 0 .0468 0 0 .0 5 0 8 0
Iodobenzene 0 .0016 0 .0011
£ -N i t r o io d o b e n z e n e .0095 .0082 .0095 .0083
T o t a l  A r l .0095 .0098 .0095 .0 0 9 4
The c o n c e n t r a t i o n  o f  £ - n i t r o i o d o b e n z e n e  does d e c r e a s e  
d u r in g  th e  decom pos i t ion  o f  t h e  PAT, b u t  a l l  t h e  i o d in e  removed 
from jv -n i t ro io d o b e n ze n e  i s  r e c o v e re d  as iodobenzene .  This  r e s u l t  
l e a d s  us t o  conc lude  t h a t  in  a sys tem c o n t a i n i n g  on ly  one type  of  
a r y l  r a d i c a l  t h e r e  w i l l  be no l o s s  o f  A r l  due to  secondary  r a d i c a l  
r e a c t i o n s ,  and scavenge r  expe r im en t s  c o r r e c t l y  measure t h e  f r a c t i o n  
o f  a r y l  r a d i c a l s  t h a t  a re  c a p a b le  o f  b e in g  t r a p p e d .  The remain ing  
f r a c t i o n  of  a r y l  r a d i c a l s ,  ^ -1 0 ^ ,  must be invo lv ed  in  some cage 
p r o c e s s .
R u s s e l l  su g g es ted  t h a t  9 ~ p h e n y I f lu o r in e  might be a cage 
p ro d u c t  accompanying t h e  fo r m a t io n  o f  ArH. 3 >10 Our g lpc  a n a l y s i s  
o f  decomposed s o l u t i o n s  o f  PAT i n  CC14 cou ld  no t  d e t e c t  th e  p re sen ce  
of  t h i s  compound, even though t h e  gas chromatograph  used i n  t h i s
work was s e n s i t i v e  enough to  d e t e c t  c o n c e n t r a t i o n s  of  9 - p h e n y l -  
f l u o r i n e  in  s t an d a rd  s o l u t i o n s  which would co r re spond  to  a y i e l d  
of  l e s s  than  0 .1 $ .  Thus,  9 ~ p h e n y l f lu o r i n e  i s  n e i t h e r  a cage p ro ­
duc t  no r  a f r e e  s o l u t i o n  p ro d u c t .
R ad ica l  c o u p l in g  r e a c t i o n s  have low enough a c t i v a t i o n  
e n e r g ie s  to  compete w i th  d i f f u s i o n  from t h e  cage .  The t r i t y l  
r a d i c a l  i s  a m u l t i d e n t a t e  r a d i c a l  and cou ld  couple  w i th  t h e  a r y l  
r a d i c a l  t o  y i e l d  e i t h e r  o f  t h r e e  p r o d u c t s 12
I t  appea red  l i k e l y  t h a t  i f  t h e  p a ra  c o u p l in g  p ro d u c t  were formed 
then  i t s  a rom at ized  d e r i v a t i v e ,  YH, cou ld  be d e t e c t e d  by g lp c .
Table  k-k  shows t h a t  t e t r a p h en y lm e th a n e  and th e  a rom at ized  p a ra  
c o u p l in g  p r o d u c t ,  YH, a r e  formed when PAT i s  a l lowed to  decompose 
in  carbon t e t r a c h l o r i d e  bo th  i n  the  p re sen ce  and absence  o f  i o d i n e .
Table  k -k .  Y ie ld s  o f  Coupling P ro d u c ts  in  th e  P resence  and Absence
YH
of  Scavengers
1o Y ie ld
Solvent C(Ph ) 4 YH
CC14 O . 5 I  $
CC14 + 12 b 0.70 0 . 27
(a) 0.0720M PAT.
(b) O.lOkM io d in e  i n i t i a l l y .
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Some m u l t i d e n t a t e  r a d i c a l s  have  been r e p o r t e d  to  couple
a t  a l l  p o s s i b l e  p o s i t i o n s  s i m i l a r l y  w he ther  t h e  r e a c t i o n  occu rs  in
t h e  cage o r  in  f r e e  s o l u t i o n . 13 The d a t a  in  Table  4 -4  show t h a t  • !:
t r i t y l  r a d i c a l s  coup le  w i th  phenyl r a d i c a l s  a t  th e  c e n t r a l
ca rbon  and a t  th e  p a ra  p o s i t i o n  in  a r a t i o  o f  about 2 : 1 , b o th  in
*
t h e  p r e s e n c e  and absence  o f  i o d i n e .  The d i f f e r e n c e  between th e  
co u p l in g  r a t i o  in  t h e  c a g e ,  0 . 7 0 :0 . 2 8 , and in  f r e e  s o l u t i o n ,  0 . 8 0 :
0 . 2 3 , *  i s  r e a s o n a b le  because  YH would be expec ted  t o  r e a c t  w i th  
any o f  t h e  r a d i c a l s  p r e s e n t  i n  th e  system.
The f a c t  t h a t  0 .0 1  molar  i o d i n e t  reduces  bu t  does not 
e l i m i n a t e  th e  y i e l d  o f  t e t r a p h e n y lm e th a n e  and YH i s  c o n t r i b u t o r y ,  
bu t  no t  c o n c l u s i v e ,  ev id en ce  t h a t  th e y  a r e  cage p r o d u c t s .  However, 
t h e r e  i s  r e a l l y  no u n e q u iv o ca l  way t o  prove t h a t  t e t r a p h en y lm e th a n e  
and XH e i t h e r  a r e  o r  a r e  n o t  cage p ro d u c t s  i n  t h e  decom pos i t ion  of  
PAT. Comparison of  t h e  m o l a r i t y  of  io d in e  and th e  m o l a r i t y  o f  PAT 
in  Table  4 -4  shows t h a t  t h e r e  i s  n o t  enough scavenger  p r e s e n t  to  
scavenge a l l  t h e  r a d i c a l s  p roduced .  Thus,  th e  t e t r a p h en y lm e th a n e  
and XH produced i n  th e  scavenge r  exper im ent  cou ld  have r e s u l t e d  
from i n e f f i c i e n t  scaveng ing  toward t h e  end o f  th e  r e a c t i o n  t ime.
At f i r s t  g l a n c e ,  t h e  s o l u t i o n  t o  t h i s  problem seems ob­
v io u s :  i n c r e a s e  t h e  r a t i o  of  scavenger  t o  PAT c o n c e n t r a t i o n .  How­
e v e r ,  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  PAT cannot, be s i g n i f i c a n t l y
*This  r a t i o  i s  o b ta in e d  from th e  d a t a  in  Table  4 -4  by s u b t r a c t i n g  
th e  y i e l d s  o b t a in e d  i n  t h e  p r e s e n c e  o f  I 2 from th e  y i e l d s  o b ta in e d  
in  i t s  absence .
+This  c o n c e n t r a t i o n  o f  io d in e  i s  s u f f i c i e n t  t o  reduce  th e  y i e l d  o f  
ArH t o  z e r o .
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d e c rea se d  w i th o u t  r e d u c in g  th e  y i e l d  o f  CPh4 and YH below t h e  l i m i t  
o f  d e t e c t a b i l i t y .  The i n i t i a l  c o n c e n t r a t i o n  o f  i o d in e  cannot  be 
in c r e a s e d  because  o f  s o l u b i l i t y  l i m i t a t i o n s .  One s o l u t i o n  to  t h i s  
l a t t e r  problem would be to  c a r r y  out t h e  r e a c t i o n  in  t h e  p re s e n c e  
o f  u n d i s s o lv e d  io d in e  so t h a t  th e  s o l u t i o n  would a lways be s a t u r a t e d .  
The r e s u l t s  o f  such an exper iment  would be of  q u e s t i o n a b l e  r e l e v a n c e  
to  an i n v e s t i g a t i o n  o f  cage p r o d u c t s ,  s i n c e  Hammond has  shown t h a t  
when th e  c o n c e n t r a t i o n  o f  scavenger  exceeds  about 0 .2  m o la r ,  then  
scavenging  becomes im p o r tan t  w i t h i n  t h e  s o l v e n t  c a g e . 5^
At t h e  t im e  t h i s  s e a r c h  f o r  cage  p ro d u c t s  was b e in g  con­
d u c te d ,  PAT was th o u g h t  to  decompose by th e  synchronous s c i s s i o n  of 
both  c a r b o n - n i t r o g e n  b o n d s . 14 A c o n s i d e r a b l e  y i e l d  o f  cage p ro d u c t s
PhN=NCPh3 -  [Ph-N2 *CPh3 ] -  (4 -3 )
would be ex pec ted  from an azo compound decomposing by t h i s  mechanism. 
For  example,  azocumene decomposes by t h i s  mechanism, and B a r t l e t t  
has r e p o r t e d  t h e  y i e l d  o f  cage  p r o d u c t ,  d icum yl ,  to  be 25$ . 12c
N£
PhCMe2N=NCMe2Ph -* [PhCMe2 -CMe2Ph] -* 2PhCMe2 ( 4 - 4 )
I
Me Me 
Ph-C-C-Ph
I I
Me Me
25$
A z o i o s o b u t y r o n i t r i l e , AIBN, has two cage  p r o d u c t s ,  t e t r a -  
methy l s u c c i n o n i t r i l e  and N- ( 2-icyano- p r o p y l ) - dime thy  1 -k e te n im in e ,  
which a r e  produced in  20 and 35 Pe r  c en t  y i e l d ,  r e s p e c t i v e l y . 13
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The l a r g e s t  y i e l d  o f  a cage p ro d u c t  from th e  decomposi­
t i o n  o f  an azo compound was r e p o r t e d  by B a r t l e t t  i n  I 9 6 6 . The 
compound, a zo d ip h en y lm e th an e , decomposes t o  g ive  a 50°jo y i e l d  o f  
cage p r o d u c t . 14
I t  i s  now known t h a t  PAT-type compounds decompose by 
th e  i n i t i a l  s c i s s i o n  o f  on ly  one c a r b o n - n i t r o g e n  bond . 1 5 ’ 16
PhN=NCPh3 tt [PhN2 - -CPh3 ] -* (4 -5 )
Thus,  s t a b l e  cage p ro d u c t s  a r e  no t  ' . ; i b l e  u n l e s s  th e  a r y l -
d i a z e n y l  r a d i c a l  lo o se s  n i t r o g e n  b e f o r e  t h e  geminate  p a i r  d i f f u s e  
a p a r t .  The l i f e - t i m e  o f  t h e  geminate  p a i r  i s  on ly  about 10" 10 s e ­
cond, and Kooyman17 has  p roposed  t h a t  t h e  p h e n y Id ia z e n y l  r a d i c a l
does n o t  decompose w i t h i n  t h i s  t ime  span .  He found t h a t  th e  decom­
p o s i t i o n  of  ArN=NSR produced ArSr as a f r e e - s o l u t i o n  p r c d u c t ,  bu t  
no t  as  a cage  p r o d u c t .
One would e x p ec t  t h e  r e a c t i o n  o f  a r y l  r a d i c a l s  w i th  t h i y l  
r a d i c a l s  to  be f a s t e r  than  th e  r e a c t i o n  o f  a r y l  r a d i c a l s  w i th  t r i t y l  
r a d i c a l s  but Kooyman’s r e s u l t s  s t r o n g l y  su g g e s t  t h a t  PAT-type com­
pounds do no t  produce  any cage  p r o d u c t s .
LAGNIAPPE*
THE DIRECT OBSERVATION OF TRITYL RADICALS FROM PAT:
S ev e ra l  a u t h o r s 3 *8 ’ 10 have s t a t e d  t h a t  one o f  t h e  advan­
t a g e s  of  u s in g  PAT as a s o u rce  o f  phenyl r a d i c a l s  i s  t h a t  t h e r e  i s  
a h igh  s t a n d i n g  c o n c e n t r a t i o n  o f  t r i t y l  r a d i c a l s  th ro u g h o u t  t h e  r e ­
a c t i o n  t im e .  The t r i t y l  r a d i c a l s  scavenge o t h e r  r a d i c a l s  in  the  
r e a c t i o n  m ix tu r e  and thus  s i m p l i f y  t h e  p ro d u c t  d i s t r i b u t i o n .  There 
have been no r e p o r t s  o f  t h e  t r i t y l  r a d i c a l  c o n c e n t r a t i o n  be ing  
m oni to red  d u r in g  t h e  d eco m p o s i t io n  o f  PAT.
When PAT i s  a l lowed  to  decompose w i t h i n  t h e  c a v i t y  o f  an 
e s r  i n s t r u m e n t ,  th e  p r e s e n c e  of  t r i t y l  r a d i c a l s  can e a s i l y  be de­
t e c t e d .  The g v a lu e  o f  t h e  s i g n a l  i s  th e  same as t h a t  from a com- 
m e r i c a l l y  a v a i l a b l e  sample o f  h e x a p h e n y l e t h a n e .
F ig u r e  b-2  shows a p l o t  o f  t h e  r e l a t i v e  c o n c e n t r a t i o n  of  
t r i t y l  r a d i c a l  as  a f u n c t i o n  o f  t h e  r e a c t i o n  t im e .  The cu rve  f o r  
PAT i s  t h e  t h e o r e t i c a l  f i r s t - o r d e r  decay c u r v e .  The numbers a long  
th e  top of  th e  graph i n d i c a t e  t h e  number o f  h a l f - l i v e s  o f  PAT.
The sharp  maximum i n  th e  t r i t y l  cu rv e  i s  s u r p r i s i n g  in  
the  sense  t h a t  most o f  t h e  d i s c u s s i o n  in  t h e  l i t e r a t u r e  seems to  
i n d i c a t e  t h a t  th e  t r i t y l  c o n c e n t r a t i o n  b u i l d s  up q u i t e  r a p i d l y  and 
th e n  remains  c o n s t a n t  f o r  a l a r g e  p a r t  of  t h e  r e a c t i o n  t im e .
The e s r  s i g n a l  from a decomposed s o l u t i o n  o f  PAT in  CC14 
does no t  d i s a p p e a r  even a f t e r  s e v e r a l  months .  This  s i g n a l  i s  p robab ly
*A l i t t l e  something e x t r a .  (Th is  word i s  f r e q u e n t l y  en co u n te red  in  
t h e  L o u i s ian a  Cajun C o u n t ry . )
17b
F ig u re  4 -2 .  The r e l a t i v e  c o n c e n t r a t i o n  o f  t r i t y l  r a d i c a l s  as a
f u n c t i o n  o f  t ime  d u r in g  th e  the rm a l  decom pos i t ion  o f  
PAT a t  60° in  CC14 .
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due t o  th e  e q u i l i b r i u m
2 PH3 C* si dimer
No a t t e m p t  was made t o  d e te rm in e  th e  a b s o l u t e  c o n c e n t r a ­
t i o n  of  t r i t y l  r a d i c a l s .
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